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Summary 
A key focus of conservation efforts for the endangered butterfly Euphydryas aurinia is its 
main host plant Succisa pratensis. In Wales, the Caeau Mynydd Mawr SAC represents an 
important metapopulation of E. aurinia and a project has been established to restore 100 
ha of marshy grassland suitable for the butterfly. Development and changes in agriculture 
have left the current habitat fragmented and isolated, which can threaten the survival of 
remaining plant populations as well as the butterfly. S. pratensis populations within the 
Caeau Mynydd Mawr Project area were surveyed to examine the relationships between 
population size, reproductive and phenomic fitness variables of S. pratensis. Records of E. 
aurinia from 1980-2013 were used to investigate the relationships between the extant S. 
pratensis populations and long-term occurrence of E. aurinia. In addition, the described 
varieties of S. pratensis were investigated using herbarium specimens and screened with 
chloroplast markers in order to assess whether they were a concern for conservation 
work.  The results indicate that smaller populations of S. pratensis show decreased 
number of seeds per flower head, smaller seed and fewer leaves. The long-term 
occurrence of E. aurinia showed a positive relationship with population size of S. pratensis 
and fitness traits, primarily leaf number. Restoration work should therefore select larger 
populations for any seed harvesting and within larger populations the number of seeds 
per flower head and seed weight can be used to select seed more likely of germinating 
and surviving to seedling stage.  S. pratensis was found to have limited genetic variation 
when tested using chloroplast regions, but limited success was achieved with the 
herbarium specimens of the described varieties. Conservation recommendations for S. 
pratensis and E. aurinia are given. 
  
II 
 
Acknowledgements 
 
Thank you to my supervisors, N. de Vere, J. Warren and M. Hegarty. Especially to N. de 
Vere for all of the support and guidance. I am grateful to A. Evans for greatly aiding with 
arranging access to the sites and helping me with sampling. Thank you to S. Carter for 
counting, germinating and taking care of all the offspring plants, in addition to helping 
write and present our poster together. Thank you to F. Corke for taking the plants 
through the scanning at the National Plant Phenomics Centre. I am very grateful to R. 
Smith for all his invaluable information on both Succisa and the marsh fritillary and G. 
Tordoff of Butterfly Conservation for supplying further marsh fritillary records. This MPhil 
was funded by a Knowledge Economy and Skills Scholarship with the National Botanic 
Garden of Wales as company partner. Additional funding was supplied by 
Carmarthenshire County Council.  
III 
 
Table of contents 
Summary ................................................................................................................................. I 
Acknowledgements ............................................................................................................... II 
List of tables ......................................................................................................................... VII 
List of figures ........................................................................................................................ IX 
1.1. Introduction and general methods ......................................................................... 1 
1.1.1. Conservation of threatened species ................................................................ 1 
1.1.2. Habitat restoration .......................................................................................... 1 
1.1.3. Role of fitness and genetic variation in habitat restoration ........................... 2 
1.1.4. Taxonomy concerns in habitat restoration ..................................................... 3 
1.1.5. Plant biotic interactions in habitat restoration ............................................... 4 
1.2. Restoration of marshy grassland and Succisa pratensis Moench for the 
conservation of Euphydryas aurinia Rottemburg ............................................................. 5 
1.2.1. Project background ......................................................................................... 5 
1.2.2. Conservation of Euphydryas aurinia ............................................................... 5 
1.2.3. Succisa pratensis .............................................................................................. 7 
1.2.4. Intraspecific variation ...................................................................................... 9 
1.2.5. Succisa pratensis and Euphydryas aurinia ....................................................... 9 
1.2.6. Conservation of marsy grassland .................................................................... 9 
1.3. Thesis objectives ................................................................................................... 11 
1.3.1. Chapter 2: Intraspecific variation in Succisa pratensis .................................. 11 
1.3.2. Chapter 3: Relationships between population size and fitness variables of 
Succisa pratensis .......................................................................................................... 12 
1.3.3. Chapter 4: Relationships between population size and fitness of Succisa 
pratensis and Euphydryas aurinia occurrence ............................................................ 13 
1.3.4. Chapter 5: Conclusions and conservation recommendations ...................... 13 
IV 
 
1.4. General Methods .................................................................................................. 14 
1.4.1. Site selection within the Caeau Mynydd Mawr Project area ........................ 14 
1.4.2. Population and site data ................................................................................ 14 
1.4.3. Seed head and leaf sampling ......................................................................... 16 
1.4.4. Seed data ....................................................................................................... 16 
1.4.5. Genetic data .................................................................................................. 16 
1.4.6. Phenomic data ............................................................................................... 17 
1.4.7. Euphydryas aurinia records ........................................................................... 17 
1.4.8. Maps .............................................................................................................. 17 
2. Intraspecific variation in Succisa pratensis .................................................................. 21 
2.1. Introduction .......................................................................................................... 21 
2.1.1. Conservation and taxonomy ......................................................................... 21 
2.1.2. Habitat restoration, taxonomy and seed provenance .................................. 21 
2.1.3. Taxonomy and genetics ................................................................................. 22 
2.1.4. Conservation of Euphydryas aurinia and its host plant Succisa pratensis .... 22 
2.1.5. Succisa pratensis variants in the UK .............................................................. 23 
2.1.6. Herbarium specimens .................................................................................... 23 
2.2. Methods ................................................................................................................ 25 
2.3. Collection, DNA extraction and sequencing ......................................................... 25 
2.3.1. Collection of herbarium material .................................................................. 25 
2.3.2. Collection of living material ........................................................................... 25 
2.3.3. DNA extraction .............................................................................................. 25 
2.3.4. Primer selection and screening ..................................................................... 26 
2.3.5. PCR and gel electrophoresis .......................................................................... 27 
2.3.6. Sequencing .................................................................................................... 27 
2.4. Results ................................................................................................................... 28 
V 
 
2.4.1. Herbarium specimens of Succisa pratensis varieties .................................... 28 
2.4.2. Herbarium specimen DNA extraction, amplification and sequencing .......... 31 
2.4.3. Herbarium specimen sequencing success ..................................................... 31 
2.4.4. Sequence variability ...................................................................................... 31 
2.4.5. Living material ............................................................................................... 32 
2.4.6. DNA extraction and amplification success .................................................... 32 
2.4.7. Sequencing success ....................................................................................... 32 
2.4.8. Sequence variability ...................................................................................... 33 
2.4.9. Variation in rpl32-F-trnL and trnV(UAC)-ndhC chloroplast regions .................. 34 
2.4.10. rpl32F-trnL .................................................................................................. 35 
2.4.11. trnV(UAC)-ndhC ............................................................................................. 36 
2.5. Discussion ............................................................................................................. 37 
2.5.1. Succisa pratensis varieties and restoration ................................................... 37 
2.5.2. Genetics of Carmarthenshire populations .................................................... 38 
2.5.3. Genetics and habitat restoration .................................................................. 39 
2.5.4. Next Generation Sequencing ......................................................................... 39 
3. Relationships between population size and fitness variables of Succisa pratensis .... 41 
3.1. Introduction .......................................................................................................... 41 
3.1.1. Relationships between population size, habitat quality, genetic diversity and 
fitness in Succisa pratensis .......................................................................................... 41 
3.1.2. Habitat restoration ........................................................................................ 43 
3.2. Methods ................................................................................................................ 45 
3.2.1. Succisa pratensis survey, site data and fitness variables .............................. 45 
3.2.2. Data analysis .................................................................................................. 45 
3.3. Results ................................................................................................................... 47 
3.3.1. Bivariate correlations for S. pratensis site and fitness variables ................... 52 
VI 
 
3.3.2. Relationships between S. pratensis site and fitness variables ...................... 55 
3.3.3. Structural equation modelling the relationships between S. pratensis site 
and fitness variables .................................................................................................... 56 
3.4. Discussion ............................................................................................................. 58 
4. Relationships between population size and fitness of Succisa pratensis and 
Euphydryas aurinia occurrence ........................................................................................... 61 
4.1. Introduction .......................................................................................................... 61 
4.2. Methods ................................................................................................................ 63 
4.2.1. Succisa pratensis population size, site data and fitness variables ................ 63 
4.2.2. Euphydryas aurinia records ........................................................................... 63 
4.2.3. Maps .............................................................................................................. 63 
4.2.4. Data analysis .................................................................................................. 63 
4.4. Results ................................................................................................................... 65 
4.4.1. Relationships between E. aurinia records per hectare and S. pratensis fitness 
variables ....................................................................................................................... 68 
4.4.2. Structural equation modelling the relationships between E. aurinia records 
per hectare and S. pratensis fitness variables ............................................................. 69 
4.5. Discussion ............................................................................................................. 70 
5. Conclusions and conservation recommendations ...................................................... 73 
5.1.1. Conclusions from study ................................................................................. 73 
5.1.2. Conservation core recommendations ........................................................... 75 
References ........................................................................................................................... 76 
 
  
VII 
 
List of tables 
Table 1. Data recorded (X) for each Succisa pratensis population analysed in this study. 
The population and site data was collected for this study. Seed data was collected by 
Carter (2014). Genetics data was collected for this study. Phenomics data was collected 
by Carter (2014) and F. Corke. Euphydryas aurinia records were collected by Butterfly 
Conservation and volunteer groups. Site codes correspond to those in Carter (2014). .... 18 
Table 2. Additional populations of Succisa pratensis included in genetic screening. Sites 
24, 25, 29, 31 and Ireland are wild sources of S. pratensis. The remaining are seed 
companies from which commercial supplies of S. pratensis seed were sourced by Carter 
(2014). .................................................................................................................................. 19 
Table 3. Characters of Succisa pratensis populations and the Caeau Mynydd Mawr project 
area analysed in this thesis. Population and site data was collected for this study. E. 
aurinia records were collected by Butterfly Conservation and volunteer groups. Seed data 
was collected by S. Carter. Phenomics data was collected by F. Corke and S. Carter. Site 
codes correspond to those in Carter (2014). ...................................................................... 20 
Table 4. Primer pairs tested against a range of herbarium, Welsh and commercial samples 
of Succisa pratensis. ............................................................................................................ 26 
Table 5. Number of herbarium specimens that exist and the number that were sampled 
followed by the number included for DNA extraction followed by amplification success 
across the 5 primer pairs for each of the S. pratensis varieties. ......................................... 32 
Table 6. Number of samples tested, amplification success and number sent for 
sequencing for the living material of S. pratensis. .............................................................. 32 
Table 7. Populations screened using trnL and trnV. Site codes in brackets correspond to 
Figure 13 and Figure 14. Presence or absence of the indel was scored. ............................ 34 
Table 8. Site and population data for 21 populations of Succisa pratensis in 
Carmarthenshire. ................................................................................................................. 47 
Table 9. Median and range for seed count and seed weight for 21 populations of Succisa 
pratensis in Carmarthenshire .............................................................................................. 49 
Table 10. Mean and standard deviation for germination percentage and seedling survival 
of germinated seed for 21 populations of Succisa pratensis in Carmarthenshire. ............. 50 
VIII 
 
Table 11. Mean and standard deviation for leaf number, plant height and plant growth. 
Data obtained from Phenomics Centre at Gogerddan, Aberystwyth University using 
Lemnatec RGB Imaging. ....................................................................................................... 51 
Table 12. Regression results for census population size, site area and sampling day as a 
model to explain different fitness variables of Succisa pratensis ....................................... 55 
Table 13. Regression results for census population size and sampling day to explain 
different fitness variables of Succisa pratensis. .................................................................. 56 
Table 14. Euphydryas aurinia record data for 21 Succisa pratensis populations in 
Carmarthenshire .................................................................................................................. 66 
Table 15. Regression results for two models, one using population size, leaf number and 
seed weight of Succisa pratensis to explain variation in Euphydryas aurinia records per 
hectare and one with seed weight removed. ..................................................................... 68 
  
IX 
 
List of figures 
Figure 1. Location of the Caeau Mynydd Mawr Special Area of Conservation and project 
area within the UK. Reproduced from JNCC (n.d.) ................................................................ 5 
Figure 2. The Succisa pratensis flower at different stages in the season. ............................ 7 
Figure 3. Hectad map of Succisa pratensis in the UK and Ireland. Yellow circles indicate 
records from 1930-69, green 1970-86, orange 1987-99 and pink 2000-09. Reproduced 
from the BSBI, (2012). ........................................................................................................... 8 
Figure 4. Location of the survey area in Carmarthenshire, South Wales which contains the 
Caeau Mynydd Mawr Special Area of Conservation. .......................................................... 10 
Figure 5. Map indicating the Carmarthenshire Succisa pratensis sites within the Caeau 
Mynydd Mawr Project area surveyed and sampled in this study. ...................................... 15 
Figure 6 CGE14135 Succisa pratensis var. pratensis and CGE14181 Succisa pratensis var. 
grandifolia from vice counties W. Norfolk and E. Sussex. .................................................. 28 
Figure 7 CGE14160 and CGE14164 Succisa pratensis var. arenaria, from vice-counties 
Cardiganshire and Mid Ebudes. ........................................................................................... 29 
Figure 8. CGE14169 and CGE14175; Succisa pratensis var. ovalis from vice county 
Oxfordshire. ......................................................................................................................... 29 
Figure 9. CGE14154 and CGE14158; Succisa pratensis var. subacaulis from vice counties 
Shetland and East Cornwall. ................................................................................................ 30 
Figure 10. CGE14151 and CGE14139; Succisa pratensis var. pratensis highlighting the 
morphological variation present within this variety. .......................................................... 30 
Figure 11. rpl32-F-trnL 8 bp indel ........................................................................................ 33 
Figure 12. trnV(UAC)-ndhC 14 bp indel .................................................................................. 33 
Figure 13. Map showing the frequency of rpl32F-trnL indel for commercial seed, 
Carmarthenshire and Ceredigion populations of Succisa pratensis. Site codes correspond 
to Table 7. ............................................................................................................................ 35 
Figure 14. Map showing the frequency of trnV(UAC)-ndhC indel for commercial seed, 
Carmarthenshire and Ceredigion populations of Succisa pratensis. Site codes correspond 
to Table 7. ............................................................................................................................ 36 
Figure 15. Results between census population size, site area (ha) and sampling day for 
seed count, seed weight (mg), germination percentage and seedling survival. ................ 53 
X 
 
Figure 16. Results between census population size, site area (ha) and sampling day for leaf 
number, plant height (cm) and plant growth (mm2). .......................................................... 54 
Figure 17. Structural equation model outlining the relationships between census 
population size, site area, date of sampling and plant fitness for 21 populations of Succisa 
pratensis from Carmarthenshire. The arrow width is proportional to the standardised 
path co-efficients. The broken line indicates a negative relationship. Estimates of the total 
variance explained for the dependent variables are indicated in bold. Paths with 
significant p-values are labelled with an asterisk. The model fit was significant (x2 = 
30.410; d.f. = 26; p = 0.125). ................................................................................................ 57 
Figure 18. Core Cross Hands sites with 2009 habitat survey data. Sites surveyed in this 
study indicated with black outline. In the 2009 habitat survey data, red indicates habitat 
of good condition, with occasional, frequent or abundant presence of Succisa pratensis 
and abundant Molinia. Yellow indicates rare, occasional or scattered S. pratensis. Dark 
grey indicates habitat that is not suitable due to rare occurrence of S. pratensis or non-
Molinia grassland. E. aurinia records are marked with blue circles and include records 
from 1980 to 2014. .............................................................................................................. 65 
Figure 19. Results between the Marsh Fritillary (Euphydryas aurinia) records per hectare 
and nine different variables. Significance was found with census population size, seed 
weight, leaf number and plant height. With the Bonferroni correction for nine tests, a p-
value of 0.05 becomes 0.006, 0.01 becomes 0.001, and 0.001 becomes 0.0001. ............. 67 
Figure 20. Structural equation model outlining the hypothesised relationships between 
census population size, date of sampling and plant fitness and the distribution of marsh 
fritillary (E. aurinia) records for 21 populations of Succisa pratensis from Carmarthenshire. 
The arrow width is proportional to the standardised path co-efficients. The broken lines 
indicate a negative relationship. Estimates of the total variance explained for the 
dependent variables are indicated in bold. Paths with significant p-values are labelled 
with an asterisk. The model fit was significant (x2 = 5.129; d.f. = 5; p = 0.400). ................ 69 
 
  
1 
 
Chapter 1 
1.1. Introduction and general methods 
1.1.1. Conservation of threatened species 
Global biodiversity continues to decline despite international targets to reduce the rate of 
loss (Butchart et al., 2010). Human-caused species decline has followed after extensive 
alterations to the global environment (Chapin et al., 2000; Brooks et al., 2006). Habitat 
loss and fragmentation, introduction of alien species, overexploitation, intensive 
agriculture and pollution have all been described as major contributors to the loss of 
biodiversity. The need for conservation to occur in areas already heavily affected by 
human actions has been highlighted and within fragmented habitats conservation 
strategies need to prioritise populations that can persist in the long-term (Moilanen et al., 
2005; Margules & Pressey, 2000).  
Within the UK, various programmes exist in order to halt the loss of biodiversity, focused 
on priority species or habitats. The European Commission Habitats Directive was adopted 
in 1992 in order to meet the obligations of the Bern Convention. Under this directive, 
European designated Special Areas of Conservation (SAC) are strictly protected sites and 
within the UK there are currently 615 SACs (JNCC & DEFRA, 2012). While the aims of 
conservation can concentrate on protection and preventing further habitat loss, it can 
also be necessary to reverse habitat degradation with restoration in order to achieve 
biodiversity goals and improve the long-term capacity of a landscape to support 
populations (Wilson et al., 2011; Carroll et al., 2004). 
1.1.2. Habitat restoration 
Habitat restoration can range from small projects, aiming to restore patches of native 
plant species, through to the landscape scale, focused on increasing the area and 
connectivity of a habitat (Miller & Hobbs, 2007; Matus et al., 2003). Habitat 
fragmentation and the intensification of agriculture has led to the loss of species-rich 
semi-natural grassland from changes in management practices such as over grazing, 
under grazing and the increased input of nitrogen leading to the dominance of 
competitive grasses (Wesche et al., 2012; Soons & Heil, 2002; Tallowin & Smith, 2001). 
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When habitat fragmentation that leads to a decrease in population size is coupled with an 
increase in the site productivity the localised extinction risk of flowering herbs is 
increased (Soons & Heil, 2002). Plant species that may have relied upon previous 
agricultural practices such as grazing animals or hay movement to disperse their seed, 
may require artificial dispersal due to habitat fragmentation (Wallin et al., 2009). Both 
establishing suitable management and the translocation of individuals may be required to 
restore degraded habitat (Matus et al., 2003; Patzelt et al., 2001). Restoration can be 
expensive and a long term prospect for the delivery of outcomes (Wilson et al., 2011; 
Miller & Hobbs, 2007). Thus essential to effective and appropriate conservation work is 
sufficient knowledge of the species and habitat in order to maximise conservation impact 
and return. 
1.1.3. Role of fitness and genetic variation in habitat restoration 
A key consideration when undertaking habitat restoration is finding the most appropriate 
source of organisms in order to provide the best probability of establishment and 
persistence (Armstrong & Seddon, 2008). In plants, local provenance of seed may provide 
individuals that are locally adapted however small source populations can exhibit 
inbreeding depression and reduced genetic variation (Young et al., 1996). Genetic 
variation has been shown to be strongly positively correlated with population size and 
fitness in species (Leimu et al., 2006; Reed & Frankham, 2003). However, populations 
sourced from further away may result in outbreeding depression, where progeny  crossed 
out have a lower fitness than that of the parent plants (Edmands, 2007; Vergeer et al., 
2004). Edmands (2007) concluded that while the body of evidence for inbreeding greatly 
outweighed that for outbreeding, the effects of outbreeding when it did occur could be as 
damaging as inbreeding.   
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1.1.4. Taxonomy concerns in habitat restoration 
Taxonomic identification of species is vital to biology and conservation, as preventing the 
loss of biodiversity is impossible without recognition of what can be lost  (Mace, 2004; 
Morrison et al., 2009).  Intraspecific variation in taxa may represent the localised 
adaptations or ecotypes that may be required for optimal and appropriate habitat 
restoration. Taxonomic distinctions below the species level based on morphology, 
phenology, and other factors may need to be taken into account when sourcing seed for 
restoration. A useful tool in understanding these morphological distinctions is the 
application of genetics to examine taxonomy (Frankham, 2003; Houston & Wolff, 2012). 
With genetic work, taxonomic uncertainties can be resolved and appropriate 
conservation plans made to conserve at the ecosystem, species and genetic level 
(Frankham, 2003). For example, revision of the genus Sorbus led to 20 newly described 
species and increased conservation in central Europe (Morrison et al., 2009) while in the 
UK, genetic analysis of endemic Sorbus taxa concluded that novel hybrids were resulting 
from hybridisation and conservation recommendations were made to protect the 
evolutionary process and not just the resulting individual rare taxa (Robertson et al., 
2010).  
Herbarium specimens act as an important resource for the plant taxonomist to describe 
species and to provide geographical distribution data critical in the identification of 
species threatened with extinction (Schatz, 2002).  In addition, herbaria can be a useful 
resource in examining the genetics of plant species, however successful extraction and 
amplification of DNA can be problematic (Särkinen et al., 2012; Savolainen et al., 1995). 
By going back to the original herbarium specimens the genetics of the actual type 
specimen that led to any taxonomic distinctions can be examined.   
 
 
 
4 
 
1.1.5. Plant biotic interactions in habitat restoration 
While habitat restoration can be focused on the plant species involved, in terms of seed 
provenance and successful establishment, restoration work is often undertaken for the 
conservation of dependent species such as endangered insects (Breed et al., 2012; 
Schultz, 2002). Establishing sufficient numbers of a plant species may be necessary for the 
conservation of species dependent on its resources (Severns, 2003; Kéry et al., 2001). The 
life-history traits of the endangered species may need to be examined in order to ensure 
that habitat restoration is working to support a species throughout its life-cycle. For 
example, Schultz, (2002) found that while some treatments of habitat restoration 
provided enough wildflowers to provide a sufficient nectar resource for an endangered 
butterfly, none of the treatments provided enough of the larval host plant. Similarly, host 
plants of reduced fitness may be maladapted to their associated species, as reductions in 
fitness expressed as reduction in flower production, and reduced flower size would 
negatively impact pollinators (Hadley & Betts, 2012; Carr et al., 2014).   
Restoration work and conservation targets are often centred on one endangered species. 
In order to complete conservation work focused on the restoration and management of 
threatened landscapes effectively and appropriately, an understanding of the ecological 
relationships between the endangered species, its associated species and habitat is 
required. 
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1.2. Restoration of marshy grassland and Succisa pratensis 
Moench for the conservation of Euphydryas aurinia 
Rottemburg 
1.2.1. Project background 
Euphydryas aurinia Rottemburg 1775 (the marsh 
fritillary butterfly) is an endangered butterfly and a UK 
Biodiversity Action Plan priority species. Established to 
help E. aurinia conservation efforts; the Caeau Mynydd 
Mawr Project in the Cross Hands area of 
Carmarthenshire, Wales has the aim of creating or 
restoring 100 ha of habitat suitable for E. aurinia. An 
important aspect of this is the butterfly’s host plant; 
Succisa pratensis Moench (devil’s-bit scabious). The 
habitat within this project area ranges from large and 
connected to small and isolated populations of S. 
pratensis. The aim of this thesis is to examine the 
ecology of these populations; through investigating 
described varieties of S. pratensis, investigating the 
relationships between population size and plant fitness in 
addition to the relationships between S. pratensis and E. aurinia, in order to inform site 
management and provide conservation guidelines for the Caeau Mynydd Mawr Project. 
1.2.2. Conservation of Euphydryas aurinia 
E. aurinia is widely distributed throughout Europe but has suffered a serious decline, 
estimated at 20 to 50% by van Swaay and Warren (1999). It was therefore included on the 
Annex II of the EEC/EU Habitat and Species Directive resulting in Special Areas of 
Conservation (SACs) being established for the protection of E. aurinia. In the UK, E. 
aurinia has seen its range significantly reduced and now it is found in only the west and 
north of the UK (Fowles & Smith, 2006; van Swaay & Warren, 1999). E. aurinia can show 
large fluctuations in population size associated with the density dependent action of 
parasites and is susceptible to changes in habitat suitability, but coupled with a possible 
Figure 1. Location of the Caeau Mynydd 
Mawr Special Area of Conservation and 
project area within the UK. Reproduced 
from JNCC (n.d.) 
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colonisation range of 15-20 km may mean that colonies are interconnected and exhibiting 
a meta-population structure (Warren, 1994). 
The key larval host plant of E. aurinia is S. pratensis, and in most of Europe its habitat is 
damp acidophilous, unfertilised grasslands. Outside of Wales E. aurinia is also found on 
dry, calcicolous grassland and uses other species in addition to S. pratensis as host plants, 
including species of related genera; Knautia and Scabiosa (Warren, 1994).  
In a survey of populations of E. aurinia in Glamorgan, Wales, the habitats were found to 
be most referable to National Vegetation Classification (NVC) community types M24 
Molinia caerulea-Cirsium dissectum fen meadow and M25 Molinia caerulea-Potentilla 
erecta mire (Lewis & Hurford, 1997; Rodwell, 1992). M24 Molinia caerulea-Cirsium 
dissectum fen meadow is one of the most species rich marshy grasslands in Wales with 
approximately 30 species per 4 m2 (Stevens et al., 2010). For the Caeau Mynydd Mawr 
SAC the EU Habitats Directive Annex I is listed as 6410 Molinia meadows on calcareous, 
peaty or clayey-silt-laden soils (Molinion caeruleae) (JNCC n.d.). Stevens (2010) uses the 
term marshy grassland (also known as rhôs pasture) to refer to several NVC communities, 
including M24 and M25. The term marshy grassland is used here to cover these potential 
habitats.   
The major threats to E. aurinia reported across Europe are summarised by van Swaay and 
Warren (1999) as agricultural improvements, agricultural abandonment, and habitat 
isolation and fragmentation.  When coupled with habitat fragmentation, the natural 
processes of local extinction and re-colonisation seen in metapopulation dynamics can 
make species further threatened, as recolonisation becomes less likely when habitat 
patches are further isolated (Bulman et al., 2007). 
Said to be key to the good management of habitat for E. aurinia is the establishment of its 
host plant S. pratensis (Fowles & Smith, 2006). However, the isolation and fragmentation 
of habitat can also negatively affect plant populations. Smaller and isolated populations 
may be more vulnerable to environmental and demographic stochasticity (Schemske et 
al., 1994). Small populations may be more likely to show a reduction in genetic variation 
and increased genetic divergence through processes such as genetic drift, increased 
inbreeding and decreased gene flow (Young et al., 1996). This loss of genetic variation can 
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limit the ability of a species to respond to stochastic events while increased inbreeding 
may result in reduced fitness in traits such as stunted growth or reduced reproductive 
ability (Oostermeijer et al., 1994; Menges, 1991; Sheridan & Karowe, 2000).  
1.2.3. Succisa pratensis  
S. pratensis of the family Dipsacaceae, is a long lived perennial herb, native to the UK. It is 
found in many types of grassland habitat including wet or dry, acid or calcareous, and is 
common over most of the British Isles but has declined in number since the 1950s (Figure 
3) (Stace, 2010; Preston et al., 2002). Flowers are hermaphroditic and flowering time can 
vary considerably across the UK, with the range from July until October, however flowers 
can persist until mid-November (Figure 2).  Self-pollination is possible but rare. Flowers 
are pollinated by butterflies and bees. The seeds usually fall near the mother plant and do 
not have a specific method of dispersal (Adams, 1955). 
 
Figure 2. The Succisa pratensis flower at different stages in the season. 
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Figure 3. Hectad map of Succisa pratensis in the UK and Ireland. Yellow circles indicate records 
from 1930-69, green 1970-86, orange 1987-99 and pink 2000-09. Reproduced from the BSBI, 
(2012). 
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1.2.4. Intraspecific variation 
Multiple varieties of S. pratensis have been described in the UK. Rouy (1905) describes 
nine varieties from France; var. arenaria, var. grandifolia, var. latifolia, var. oblongifolia, 
var. ovalis, var. serrata, var. silvestris, var. subacaulis and var. typica. Of these nine, Sell 
and Murrell (2006) described four of them as being present in the UK; var. arenaria, var. 
grandifolia, var. ovalis, and var. subacaulis, as well as a fifth var. pratensis. In addition, 
Adams (1955) references var. scotiaca Baksay, found in Scotland but Sell and Murrell 
(2006) do not describe this variety. This intraspecific grouping is based on morphology 
and flowering times but has not been analysed molecularly. 
1.2.5. Succisa pratensis and Euphydryas aurinia  
S. pratensis is the main larval host plant for E. aurinia (Warren, 1994). In the spring female 
E. aurinia lay their eggs on the underside of the leaves in large batches of around 200-300 
(Wahlberg, 2001). After around three weeks the larvae hatch and spin silken webs around 
the leaves where the larvae will feed until they reach diapause in the fourth instar by 
around September (Anthes et al., 2003). The larvae will overwinter in the silken web, built 
at the base of the plant. The species has six larval instars (Porter, 1982).  
1.2.6. Conservation of marsy grassland  
In Carmarthenshire, Caeau Mynydd Mawr (Figure 1) was designated a SAC in 2004 for 
containing E. aurinia, covering an area of 25.06 ha (JNCC, n.d.).  Fowles and Smith (2006) 
mapped habitat quality for E. aurinia in Wales including the wider Caeau Mynydd Mawr 
area. Habitat condition was judged on abundance of S. pratensis, vegetation height and 
scrub cover. A total of 780.88 ha were surveyed in the Caeau Mynydd Mawr area, of 
which 131.16 ha were categorised as available habitat. Of this, 10.72 ha were judged to 
be of good condition, where the vegetation height was within 12-25 cm, S. pratensis was 
present within a 1 m radius and the scrub covered no more than 5% of the area.  
Modelling by Bulman et al. (2007) indicated that a minimum of 100 ha of suitable habitat 
is required for a 95% probability of for E. aurinia’s long term persistence within 4x4 km2 
sample plots. Of the sites surveyed in Fowles and Smith (2006), the wider Caeau Mynydd 
Mawr area was highlighted as the only site of those surveyed to both exceed the 1,600 ha 
used in the modelling and the minimum suitable habitat cover.  
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However, the Caeau Mynydd Mawr SAC is located within a key area for economic 
development and has been noted as vulnerable to residential and industrial development 
(JNCC, n.d.).  Designated Growth Area 3, the Ammanford/Cross Hands area has been 
allocated 2,412 housing units. The Local Development Plan assessed the spatial impacts 
of development around the Caeau Mynydd Mawr SAC and concluded that, without 
mitigation, the proposed site allocation had the potential to have a significant effect on 
the E. aurinia metapopulation (Carmarthenshire County Council 2013). 
 
Figure 4. Location of the survey area in Carmarthenshire, South Wales which contains the Caeau 
Mynydd Mawr Special Area of Conservation. 
 
To meet these aims, in 2013 a Marsh Fritillary Project Officer was appointed to co-
ordinate the restoration and management of sites within the Caeau Mynydd Mawr SAC 
area. Developers within the area are required to pay a levy towards conservation work in 
order to fund both the purchase of suitable land and to bring landowners into 
management schemes. The Project’s key aim is to create or restore 100 ha of suitable 
habitat for the E. aurinia butterfly.  
 
 
11 
 
1.3. Thesis objectives 
 
The Caeau Mynydd Mawr Project was established with the aim of creating or restoring 
100 ha of marshy grassland habitat in good condition for E. aurinia. Key to this may be the 
establishment of the butterfly’s larval host plant S. pratensis. The aim of this study is to 
investigate S. pratensis by examining the described varieties and their veracity, examining 
plant reproductive fitness and offspring fitness, in relation to both the population size of 
S. pratensis and the occurrence of E. aurinia. This has the overall aim of informing and 
providing conservation guidelines for the restoration and supplementation of habitat for 
E. aurinia in the Caeau Mynydd Mawr Project area. 
1.3.1. Chapter 2: Intraspecific variation in Succisa pratensis  
The varieties of S. pratensis in the UK described by Sell and Murrell (2006) may need to be 
a consideration of any restoration work using S. pratensis.  
o Is there genetic evidence for the varieties of S. pratensis described in Sell and 
Murrell (2006)?  
o Should these varieties be a concern of any conservation action?  
The herbarium specimens used to designate the varieties were visited in order to 
investigate these varieties and answer whether they should be included in conservation 
guidelines. Differences in the varieties might be expected to be seen at the chloroplast 
level so attempts were made to examine the herbarium specimens genetically. In addition 
to the herbarium specimens, populations of S. pratensis from the Caeau Mynydd Mawr 
Project area, outside of the project area and from commercial seed were investigated for 
these potential broad scale differences in the chloroplast regions. 
 
 
 
12 
 
1.3.2. Chapter 3: Relationships between population size and fitness variables 
of Succisa pratensis 
Of priority to conservation work is the successful establishment of S. pratensis. Seed of 
local provenance is often recommended as the most appropriate source but harvested 
populations need to offer seed that will provide the best chance of survival for 
restoration work. Larger populations might be expected to show increased fitness.  
o Is there a relationship between the population size of S. pratensis and fitness of 
the plants?  
o Is the relationship expressed through the reproductive fitness and offspring plant 
fitness variables? 
In order to examine the fitness of the populations within the project area and the 
relationships between site characteristics and fitness of S. pratensis, site area and 
population size of S. pratensis were recorded. In order to examine reproductive fitness, 
seed heads were collected from each site with this seed germinated and grown on, 
measuring seed count, seed weight, germination percentage, and seedling survival. In 
order to examine plant size fitness measures, the National Plant Phenomic Centre was 
used to provide automated output on offspring plants giving leaf number, plant height 
and plant growth.  
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1.3.3. Chapter 4: Relationships between population size and fitness of Succisa 
pratensis and Euphydryas aurinia occurrence 
Restoration work of S. pratensis in the Caeau Mynydd Mawr Project area is being 
completed with the priority of conserving the endangered E. aurinia. As the host plant, S. 
pratensis is seen as a priority for the creation of suitable habitat, a key interest is 
therefore investigating S. pratensis and its interspecific interactions.  
o Is the long-term occurrence of E. aurinia related to the population size and fitness 
of S. pratensis?   
In order to examine these relationships, records of E. aurinia from 1980-2014 for each 
site surveyed in this study were collated and divided by site area. The relationships 
between population size of S. pratensis, fitness variables of S. pratensis and E. aurinia 
occurrence for sites in the Caeau Mynydd Mawr Project area were then investigated. 
1.3.4. Chapter 5: Conclusions and conservation recommendations  
The overall aim of this study is to provide conservation recommendations to the Caeau 
Mynydd Mawr Project. The conclusions and advice drawn from this study are summarised 
here.   
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1.4. General Methods 
1.4.1. Site selection within the Caeau Mynydd Mawr Project area 
For site surveying within the Caeau Mynydd Mawr Project area in Carmarthenshire, site 
information was obtained from Carmarthenshire County Council and Butterfly 
Conservation records. Site surveying took place in 2013 from the 11th October to the 15th 
of November. Sites were selected to attempt to cover the range of the Caeau Mynydd 
Mawr Project area, including sites with populations of E. aurinia and those without, and 
the range of S. pratensis population size.  Two sites in Ceredigion provided additional 
material from outside the project area. In total 35 potential sites were visited for this 
study. Five sites did not contain any S. pratensis. Seven sites were excluded from any 
analysis due to the small sample size driven by seed head availability late in the season. 
All sites included for analysis in this study are summarised in Table 1. Additional sites 
included in the genetic work are noted in Table 2. Traits measured within each category 
are summarised in Table 3. 
1.4.2. Population and site data 
Population sizes for all Carmarthenshire sites (Figure 5) were estimated using a minimum 
of three quadrats (100 cm by 400 cm), and the number of flowering and vegetative S. 
pratensis were counted. Counts were then scaled to the area containing S. pratensis using 
a combination of previous survey data (Smith & Gander, 2010) and site measuring, giving 
census population size (both flowering and vegetative plants), effective population size 
(including only flowering plants) and vegetative population size. The number of flowering 
heads per plant and sward length was also recorded. Site areas were measured using 
ArcGIS® software by Esri.  
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Figure 5. Map indicating the Carmarthenshire Succisa pratensis sites within the Caeau Mynydd 
Mawr Project area surveyed and sampled in this study. 
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1.4.3. Seed head and leaf sampling 
From each population, where possible, 30 randomly selected plants were sampled, taking 
both seed heads and leaf samples.  For the genetic analysis, a 1 cm2 sample of leaf tissue 
was removed using scissors sterilised with ethanol. Leaf samples were stored in silica gel 
(Mogg and Bond, 2003). Seed heads were stored in individual paper envelopes for drying 
at room temperature. 
1.4.4. Seed data 
After drying, seed counts and weights were recorded by Carter (2014). Individual seed 
weight was estimated by weighing the total seed from one seed head and dividing by the 
number of seeds counted. Germination was carried out by Carter (2014) following a study 
by Grünbauer (2001). Seeds were placed into a cold room on the 18th and 19th of February 
2014 at 3oC for six weeks prior to removal on the 2nd of April for germination in Petri 
dishes in a cold greenhouse. Percentage of seed germinated was recorded.  When 
germinated the seedlings were moved into cell trays. Seedling survival was recorded 
between the 19th of May and the 16th of June and measured as when two true leaves 
emerged. Seedling survival was calculated as a total of those plants that germinated. 
1.4.5. Genetic data 
Herbarium leaf material for genetic analysis was collected from Cambridge University 
herbarium and covered the specimens for the described varieties in Sell and Murrell 
(2006).  In addition, 22 populations of S. pratensis in Carmarthenshire were selected for 
genetic analysis from the total leaf material collected (Table 1 and Table 2). Two 
additional Welsh populations from Ceredigion were sampled. Plants from wild Irish 
populations and commercial seed grown on by Carter (2014) were also sampled. The 
commercial seed was obtained from six online suppliers. The seed companies were asked 
to supply information on the provenance of their seed (Table 2).  
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1.4.6. Phenomic data 
300 plants were selected to be imaged at the National Plant Phenomics Centre at 
Gogerddan, Aberystwyth University using Lemnatec RGB Imaging. Plants were selected by 
Carter (2014) from populations that had surviving seedlings from a minimum of five 
different mother plants, covering 18 populations from Carmarthenshire. Scanning to 
monitor plant growth was carried out over 4 weeks between the 8th of July and 30th of 
July 2014. On the 10th of July additional phenology was assessed, with the number of 
leaves and height of each plant measured.  
1.4.7. Euphydryas aurinia records 
Records of E. aurinia dating from 1980 to 2014 were collated from larval web surveys and 
adult surveys collected by Butterfly Conservation and volunteer groups. The number of E. 
aurinia records within the site boundaries was totalled and divided by site area (ha) to 
give the number of E. aurinia records per hectare.  
1.4.8. Maps 
Maps containing site information were generated using ArcGIS® software by Esri. Base 
map data is credited to: Esri DigitalGlobe, GeoEye, i-cubed, Earthstar Geographics, 
CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo and the 
GIS User Community. 
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Table 1. Data recorded (X) for each Succisa pratensis population analysed in this study. The population and site data was collected for this study. Seed 
data was collected by Carter (2014). Genetics data was collected for this study. Phenomics data was collected by Carter (2014) and F. Corke. Euphydryas 
aurinia records were collected by Butterfly Conservation and volunteer groups. Site codes correspond to those in Carter (2014).  
Site 
Code 
Site Name Grid reference County 
Population 
and site data 
Seed data Genetics 
Phenomic 
data 
E. aurinia 
records 
1 Caeau Ffos Fach SN5761312049 Carmarthenshire X X X X X 
2 Black Lion SN5839012474 Carmarthenshire X X X X X 
3 Rhôs Cefn Bryn SN5555607239 Carmarthenshire X X X X X 
4 Cencoed Uchaf SN4849003223 Carmarthenshire X X X X X 
5 Letty Mawr SN5401611325 Carmarthenshire X X X X X 
6 Sylen Ranch SN5257506845 Carmarthenshire X X X X X 
7 Ty Newydd SN5686713052 Carmarthenshire X X X X X 
8 Median Farm SN5753612206 Carmarthenshire X X X X X 
9 Mynydd Mawr CP SN5394612364 Carmarthenshire X X X X X 
10 Llyn Llech Owain SN5713415059 Carmarthenshire X X X X X 
11 Church Rd SN5616614503 Carmarthenshire X X X X X 
12 Cae Lotwen SN5823111287 Carmarthenshire X X X X X 
13 Gate Hall Community SN5780014491 Carmarthenshire X X X X X 
14 
Castell Howell Food 
Park 
SN5676911857 Carmarthenshire X X X   X 
15 Morfa Farm SN5769712382 Carmarthenshire X X X X X 
16 Bryn Withan SN5556507379 Carmarthenshire X X X X X 
17 Tir Philip SN4937618015 Carmarthenshire X X X X X 
18 Coed y Derwen SN5601208376 Carmarthenshire X X X X X 
19 Cwm Afon Gwili SN5785609045 Carmarthenshire X X X X X 
21 Dwr Cymru SN5635414684 Carmarthenshire X X X  X 
22 Greengrove Farm SN5745712576 Carmarthenshire X X   X 
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Table 2. Additional populations of Succisa pratensis included in genetic screening. Sites 24, 25, 29, 
31 and Ireland are wild sources of S. pratensis. The remaining are seed companies from which 
commercial supplies of S. pratensis seed were sourced by Carter (2014). 
Site Code/ Seed Company Site Name Grid reference County 
24 Allt Nant-y-Ci SN6205012268 Carmarthenshire 
25 Carmel SN5862616219 Carmarthenshire 
29 Borth Bog SN6307492229 Ceredigion 
31 Rhôs Llawr Cwrt SN4102649862 Ceredigion 
Ireland Ireland R2909399182 County Clare 
Sheffield Seed Company Hungary Unknown Unknown 
Somerton Farm Pembrokeshire SM9318400775 Pembrokeshire 
Yellow Flag Wildflowers Gloucestershire Unknown Gloucestershire 
Farnell Farm Kent Unknown Kent 
Naturescape Nottinghamshire Unknown Nottinghamshire 
Scotia Seeds Scotland Unknown Fife, Scotland 
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Table 3. Characters of Succisa pratensis populations and the Caeau Mynydd Mawr project area 
analysed in this thesis. Population and site data was collected for this study. E. aurinia records 
were collected by Butterfly Conservation and volunteer groups. Seed data was collected by S. 
Carter. Phenomics data was collected by F. Corke and S. Carter. Site codes correspond to those in 
Carter (2014). 
 Character Description Source 
Population 
and site data 
Site area (ha) 
The total area of the site measured to field 
boundaries using ArcGIS. 
Collected in 
this study 
 
 
Census population size 
A minimum of three quadrats (100 x 400 cm) 
were measured and the number of flowering 
and vegetative S. pratensis were counted. 
Area was then scaled to the habitat containing 
S. pratensis within the sites, using previous 
survey data. 
Effective population 
size 
As for census population size, but with only 
the flowering S. pratensis plants. 
Vegetative population 
size 
As for census population size, but with only 
the vegetative S. pratensis plants. 
Percentage flowering 
The percentage of flowering plants from the 
total. 
Euphydryas 
aurinia 
records 
Number of E. aurinia 
records 
The total number of E. aurinia records dating 
from 1980 to present day within the field 
boundaries of a site. 
R. Smith, 
Butterfly 
Conservation 
Number of E. aurinia 
records per hectare 
The number of E. aurinia records divided by 
the site area (ha). 
Calculated in 
this study 
Seed data 
Seed count 
Seeds were removed from the seed head 
when they were dry and counted to get seed 
numbers per seed head. 
Carter, 
(2014) 
Seed weight (mg) 
All of the seeds from one head were weighed 
and divided by the number of seeds to give an 
estimate of individual seed weight. 
Mean germination 
The number of germinated seed from total 
viable seed. 
Mean seedling survival 
Seedlings were recorded as survived when two 
true leaves emerged. 
Genetics 
Percentage frequency 
of trnL indel 
Individuals with the trnL indel present divided 
by the number of individuals screened. 
Collected in 
this study 
 
Percentage frequency 
of trnV indel 
Individuals with the trnV indel present divided 
by the number of individuals screened. 
Phenomic 
data 
Leaf number 
Number of leaves measured by Lemnatec RGB 
imaging. 
Carter, 
(2014) 
Plant height (cm) 
Plant height measured by Lemnatec RGB 
imaging.  
Plant growth (mm2) 
Four readings of plant growth were measured 
using Lemnatec RGB imaging. 
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Chapter 2 
2. Intraspecific variation in Succisa pratensis 
 
2.1. Introduction 
2.1.1. Conservation and taxonomy 
Taxonomy is a crucial tool in recognising and understanding biodiversity (McNeely, 2002). 
Without this system species conservation would be an impossible task as key to 
conservation is being aware of and able to identify what you are attempting to conserve 
(Mace, 2004). Taxonomic changes in the classification of species impacts on conservation 
(Morrison et al., 2009). In taxonomically complex species, species may be split thus 
changing conservation status when compared with the original taxonomic classification. 
This can result in increased conservation efforts as in the case of Sorbus (mountain ash) in 
Germany. When the genus was examined 20 new species were described, all of which 
were subsequently included on the Bavarian Red List of Vascular Plants, receiving 
increased support from conservation agencies (Morrison et al., 2009). Similarly, species 
designation can go in the opposite direction, where previously recognised species or 
subspecies become one resulting in a decreased conservation status.  
2.1.2. Habitat restoration, taxonomy and seed provenance 
Habitat restoration is an important tool in the prevention and reversal of habitat loss. A 
key consideration of habitat restoration is the provenance of seed in order to most 
effectively establish persistent populations (McKay et al., 2005; Miller & Hobbs, 2007). 
Within this, the species taxonomic classification, such as subspecies and varieties, may be 
a concern for restoration projects in sourcing the most appropriate seed to establish or 
replenish populations. Seed sourced from local populations may exhibit the optimal 
adaptation to the environment however only contributing local seed might limit 
populations’ evolutionary potential and risk inbreeding depression, while seed from 
further away might risk outbreeding depression (Hufford et al., 2012). It may be that 
localised adaption is being expressed taxonomically as ecotypes or varieties. In addition, 
high quality seed is required in order to ensure the best probability of populations 
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becoming self-sustaining and resilient during restoration work (Broadhurst et al., 2008). In 
landscapes that have become highly fragmented, the local seed available may not be 
suitable for restoration due to lowered fitness. A scientific strategy for selecting the seed 
source of a species which takes all of these factors into account may be required. 
2.1.3. Taxonomy and genetics 
Genetic techniques can be utilised in examining species and subspecies classifications 
together with traditional morphological methods. Chloroplast sequences can reveal the 
genetic basis for taxonomic separation of varieties and subspecies. For example, 
hemiparasitic Rhinanthus minor L. (yellow rattle) is an important contributor to the 
maintenance of unimproved semi-natural grasslands and can be key to the restoration of 
these habitats. The species is very morphologically variable and within the UK and Ireland 
six subspecies have been recognised based on their morphology and phenology which 
could be a consideration when planning restoration work. However, genetic investigation 
using cpDNA and rDNA ITS in addition to microsatellite genotyping did not separate the 
subspecies of R. minor, indicating that sourcing seeds from the same subspecies may not 
be necessary for R. minor (Houston & Wolff, 2012). 
2.1.4. Conservation of Euphydryas aurinia and its host plant Succisa pratensis 
As the larval host plant for the endangered butterfly E. aurinia, S. pratensis is a priority for 
the conservation of this butterfly (Warren, 1994). In Carmarthenshire, the Caeau Mynydd 
Mawr Project aims to create or restore 100 ha of marshy grassland suitable for E. aurinia.  
To achieve this goal, the host plant S. pratensis may require introduction or 
reintroduction to sites as well as the supplementation of current populations. Within the 
UK, varieties of S. pratensis have been described by Sell & Murrell (2006) and when 
deciding on a suitable source of S. pratensis seed for the restoration of habitat for E. 
aurinia, these varieties of S. pratensis may need to be a consideration. 
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2.1.5. Succisa pratensis variants in the UK 
Adams (1955) refers to S. pratensis var. scotiaca Baksay which is found in the Trossachs, 
Ben Nevis and the Isle of Arran. Rouy (1905) describes nine varieties from France; var. 
arenaria, var. grandifolia, var. latifolia, var. oblongifolia, var. ovalis, var. serrata, var. 
silvestris, var. subacaulis (Bernadin) and var. typica. Of these nine, Sell and Murrell (2006) 
described four of them as being present in the UK; var. arenaria, var. grandifolia, var. 
ovalis, and var. subacaulis, as well as a fifth var. pratensis. Var. pratensis is noted as the 
common plant. Var. scotiaca is not described. These intraspecific groupings are based on 
morphology and flowering times but so far have no genetic support. 
In the UK, var. arenaria is found on cliff tops in Cardiganshire and the Mid Ebudes 
flowering from August to October; var. grandifolia is found at one site in Ashurstwood, 
East Sussex, flowering in July. Sell and Murrell (2006) describe the leaves as up to 11x4 cm 
in size while Rouy describes leaves as 15-25 cm. Var. ovalis is described as flowering from 
May to July known only from hay meadows in Oxfordshire, Rouy describes its habitat as 
being particular to mountains. Var. subacaulis is a short stemmed variety, stem up to 7 
cm and flowers in Cornwall, the Outer Hebrides, Shetland and Fair Isle.   
Adams (1955) mentions a short stemmed variety of S. pratensis found on the Cornish 
coast and in the Hebrides. The description and location information matches information 
provided for var. subacaulis in the UK however, Adams reports that when cultivated the 
plants usually showed an increase in the height of the flower stem. While the Hebridean 
plants in cultivation flowered earlier than the English, plants from inland regions did not 
show any permanent adaption to any type of soil. When cultivated the small and large 
inland plants showed some convergence in size. Genotypic variety in the morphology and 
phenology of plant species can be cause for concern when sourcing seed in restoration 
work as inappropriate flowering or fruiting times can result in maladaption (Jones et al., 
2001).  
2.1.6. Herbarium specimens 
When investigating plant species genetically, herbaria have been highlighted as an 
important resource; however the successful extraction of DNA can be difficult (Savolainen 
et al., 1995; Särkinen et al., 2012). Studies have made successful use of herbarium 
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specimens for genetic research (de Vere et al., 2012). For examining the described 
varieties it may be possible to go back to the original specimens the descriptions were 
based on in order to sample for genetic analysis. The herbarium specimens that form the 
basis for Sell and Murrell’s (2006) descriptions of the varieties of S. pratensis in the UK are 
stored at Cambridge University Herbarium. 
To provide conservation recommendations to the Caeau Mynydd Mawr Project, the 
varieties of S. pratensis described by Sell and Murrell (2006) need to be examined in order 
to answer whether they are a concern for restoration and management of habitat for E. 
aurinia.   
o Is there genetic evidence for the varieties of S. pratensis described in Sell and 
Murrell (2006)?  
o Should these varieties be a concern of any management action?  
In order to answer these questions, the herbarium specimens used by Sell and Murrell to 
originally describe the varieties were sampled from in order to examine them genetically. 
It may be expected for subspecies variety to be potentially expressed at the chloroplast 
level allowing universal primers to be utilised (Houston & Wolff, 2012). In addition, this 
potential genetic variety can be examined for current S. pratensis populations. Therefore, 
populations within Caeau Mynydd Mawr, wild populations outside of the project area, 
and commercial seed were all screened in order to survey the current chloroplast 
variation. 
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2.2. Methods 
2.3. Collection, DNA extraction and sequencing 
2.3.1. Collection of herbarium material 
Herbarium material was collected from Cambridge University Herbarium and covered the 
specimens which form the basis for the different varieties as described in Sell and Murrell 
(2006). A 1 cm2 piece of leaf material for DNA extraction was removed using tweezers 
sterilised with ethanol.  Samples were stored in a zip-lock bag. It was not possible to 
sample some specimens without harming the integrity or features of the specimen. 
Collection information from the specimen was recorded, including date of collection, 
collector and location. A photo of the specimen sheet was taken.  
2.3.2. Collection of living material 
A total of 22 populations of S. pratensis in Carmarthenshire were selected for genetic 
analysis. Populations selected for genetic screening were chosen to cover the Caeau 
Mynydd Mawr Project area, the range of population sizes, and the presence or absence of 
E. aurinia. Additionally, plants from wild Irish populations and commercial seed from six 
online suppliers grown on by Carter (2014) were sampled.  
The leaf material from the Caeau Mynydd Mawr populations and the Ceredigion 
populations was collected in 2013 from the 11th of October to the 15th of November. 
Commercial leaf material and Irish material was sampled in July 2014. Using scissors 
sterilised with ethanol, a 1 cm2 sample of leaf tissue was taken from 30 randomly selected 
individuals. Samples were stored in silica gel before DNA extraction (Mogg and Bond, 
2003). 
2.3.3. DNA extraction 
DNA extractions were carried out using DNeasy Plant Mini kits (Qiagen) following the 
manufacturer’s protocol.  Protocol modifications for improved success with herbarium 
samples were followed from de Vere et al. (2012) where 80 µl of DTT at 0.75 mg/ml 
(Melford Laboratories, UK) and 20 µl of Proteinase K at 1 mg/ml (Sigma) was added to the 
400 µl of AP1 buffer. The sample was then disrupted using a TissueLyser II (Qiagen) with 3 
mm tungsten carbide beads. The incubation in the modified AP1 buffer was extended to 1 
hour at 65°C. The final incubation stage with AE buffer was extended to 15 minutes. 
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2.3.4. Primer selection and screening 
The selection of primers for chloroplast regions was based on the figures given in Shaw et 
al. (2007) for the potential of informative characters in addition to the base pair length of 
a region, under the assumption that shorter regions may amplify more successfully with 
herbarium material. 11 primer pairs were tested in total (Table 4). Primers used for the 
initial screening were rbcL, matK, ITS2, ndhF, trnV and trnL against 47 individuals. This 
comprised of 23 herbarium samples, covering the range of varieties described by Sell and 
Morrell (2006), and 19 individuals selected from five Carmarthenshire populations based 
on covering the furthest geographical distance.  In this initial screening DNA was 
amplified at both the concentration extracted and at a 1 in 10 dilution. At the second 
stage of screening another 384 individuals from the Welsh populations had their DNA 
extracted and a selection were sent off to screen a further five regions; psbA3-f, trnQ-5’, 
trnD, 3'rpS16, and petL.  
Table 4. Primer pairs tested against a range of herbarium, Welsh and commercial samples of 
Succisa pratensis. 
Primer pairs 
F/
R 
Estimated 
Region 
Length 
(bp) 
Sequence Reference 
rbcL a-f 
rbcL r590 
F 
590 
ATGTCACCACAAACAGAGACTAAAGC Kress and Erickson (2007) 
R AGTCCACCGCGTAGACATTCAT de Vere et al. (2012) 
matK_1R_kim 
matK_3FKIM-r 
F 
840 
ACCCAGTCCATCTGGAAATCTTGGTCC Ford et al., (2009) 
R CGTACAGTACTTTTGTGTTTACGAG K. J. Kim, unpub. 
ITS2F 
ITS3R 
F 
520 
ATGCGATACTTGGTGTGAAT Chen et al. (2010) 
R GACGCTTCTCCAGACTACAAT Chen et al. (2010) 
ndhF 
rpl32-R 
F 
959 
GAAAGGTATKATCCAYGMATATT Shaw et al. (2007) 
R CCAATATCCCTTYYTTTTCCAA Shaw et al. (2007) 
trnV(UAC) 
ndhC 
F 
1145 
GTCTACGGTTCGARTCCGTA Shaw et al. (2007) 
R TATTATTAGAAATGYCCARAAAATATCATATTC Shaw et al. (2007) 
rpl32-F 
trnL 
F 
1018 
CAGTTCCAAAAAAACGTACTTC Shaw et al. (2007) 
R CTGCTTCCTAAGAGCAGCGT Shaw et al. (2007) 
psbA3-f 
trnHf_05 
F 
466 
GTTATGCATGAACGTAATGCTC Shaw et al. (2007) 
R CGCGCATGGTGGATTCACAATCC Shaw et al. (2007) 
trnQ-5’ 
rps16 
F 
1047 
GCGTGGCCAAGYGGTAAGGC Shaw et al. (2007) 
R GTTGCTTTYTACCACATCGTTT Shaw et al. (2007) 
trnD (GUCF) 
trnT (GGU) 
F 
922 
ACCAATTGAACTACAATCCC Demesure et al. (1995) 
R CTACCACTGAGTTAAAAGGG Demesure et al. (1995) 
3'rpS16 
5'trnK 
F 
260 
AAAGTGGGTTTTTATGATCC Shaw et al. (2007) 
R TTAAAAGCCGAGTACTCTACC Shaw et al. (2007) 
petL 
psbE 
F 
1109 
AGTAGAAAACCGAAATAACTAGTTA Shaw et al. (2007) 
R TATCGAATACTGGTAATAATATCAGC Shaw et al. (2007) 
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2.3.5. PCR and gel electrophoresis 
When testing the chloroplast primers, DNA samples were amplified in a 25 μl reaction 
with 12.5 μl 2x Biomix (Bioline, UK), 0.5 μl (10 μM) forward primer, 0.5 μl (10 μM) reverse 
primer, 9 μl H2O (Sigma) and 2.5 μl of DNA.  For rbcL and matK PCR cycling conditions 
were;  [95°C 2 min, (95°C 30 sec, 50°C 1 min 30, 72°C 40 sec)x45 cycles, 72°C 5 min, 30°C 
10 sec].  For ITS2 the PCR cycling conditions were [95°C 5 min, (94°C 30 sec, 56°C 30 sec, 
72°C 45 sec)x40 cycles, 72°C 10 min, 30°C 1 sec].  For the seven primer pairs sourced from 
Shaw et al. (2007) (Table 4) the PCR cycling conditions were; [80°C 5 min, (95°C 1 min, 
50°C 1 min, 65°C 40sec) x 30 cycles, 65°C 9 min]. The PCR cycles were performed in Bio-
Rad MyCyclers and Bio-Rad S1000 thermocyclers. The PCR products were visualised on 
1% agarose gels. 
2.3.6. Sequencing  
Samples that showed bright bands when visualised using gel electrophoresis were sent to 
Macrogen Europe (Amsterdam, Europe) for purification and DNA sequencing. During the 
initial screening sequencing was completed in both directions. Returned sequences were 
processed using Sequencher 4.10.1 (GeneCodes Corp) where the ends were trimmed, 
primers removed and contigs assembled. Each contig was then checked for base 
disagreements and ambiguous calls with manual editing when necessary. Sequences were 
aligned in MEGA5 (Tamura et al., 2011) using ClustalW. 
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2.4. Results 
2.4.1. Herbarium specimens of Succisa pratensis varieties  
The herbarium specimens which are the basis of Sell and Murrell’s (2006) ecotype 
designation were sampled from Cambridge University herbarium. A total of 63 herbarium 
specimens exist and were sampled, with 34 var. pratensis (Figure 6), six var. subacaulis 
(Figure 9), nine var. arenaria (Figure 7), nine var. ovalis (Figure 8) and one var. grandifolia 
(Figure 6). The range of locations and flowering times recorded on the herbarium 
specimens correspond to those reported by Sell and Murrell (2006). No further locations 
are reported by Sell and Murrell (2006) that are not present on the herbarium specimens. 
Sell and Murrell (2006) did not visit other herbaria when describing the varieties (Dr T. 
Rich, personal communication), so it seems likely that these herbarium specimens 
represent the total data utilised by Sell and Murrell (2006) in the designation of these 
varieties. Morphological differences can be seen between the specimens designated a 
variety; however the sample size is small.  Within the specimens designated var. pratensis 
(the variety reported as most common) there is still much morphological range, as 
demonstrated in Figure 10. 
  
Figure 6 CGE14135 Succisa pratensis var. pratensis and CGE14181 Succisa pratensis var. 
grandifolia from vice counties W. Norfolk and E. Sussex. 
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Figure 7 CGE14160 and CGE14164 Succisa pratensis var. arenaria, from vice-counties 
Cardiganshire and Mid Ebudes. 
  
Figure 8. CGE14169 and CGE14175; Succisa pratensis var. ovalis from vice county Oxfordshire. 
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Figure 9. CGE14154 and CGE14158; Succisa pratensis var. subacaulis from vice counties Shetland 
and East Cornwall. 
  
Figure 10. CGE14151 and CGE14139; Succisa pratensis var. pratensis highlighting the 
morphological variation present within this variety.  
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2.4.2. Herbarium specimen DNA extraction, amplification and sequencing  
It was not possible to sample from three of the specimens without harming the integrity 
of the specimen, one var. pratensis, one var. subacaulis and one var. arenaria. Of those 
sampled, 28 were selected for DNA extraction based on date and condition of sample. 
This comprised of five var. pratensis, five var. subacaulis, eight var. arenaria, nine var. 
ovalis and one var. grandifolia (Table 5). Of these none of the var. pratensis, var. 
subacaulis or var. grandifolia extracted successfully. Six of the eight arenaria and four of 
the nine ovalis showed some success at DNA extraction; amplifying rbcL. Only two of the 
28 samples successfully amplified with ITS2 and one with matK. The herbarium specimens 
did not show any consistent amplification with the longer chloroplast regions used with 
the living material. Some success was shown with trnL where 4 of the var. arenaria and 3 
var. ovalis amplifying. 
2.4.3. Herbarium specimen sequencing success 
Of those that were amplified, the rbcL from eight specimens was successfully sequenced; 
representing five arenaria and three ovalis. A S. pratensis var. ovalis from Oxfordshire was 
the only herbarium specimen to successfully sequence with matK. The amplified samples 
did not sequence successfully for ITS2 or trnL.  
2.4.4. Sequence variability 
For all of the sequences returned from the herbarium specimens, intraspecific variation 
was not observed. No difference was found between the rbcL sequences for the eight 
herbarium specimens. These herbarium sequences were also compared with five rbcL 
sequences from living material sampled from S. pratensis individuals in Carmarthenshire 
and no difference was seen. The matK sequence showed no variability when compared 
with an additional 13 samples from Carmarthenshire.  
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Table 5. Number of herbarium specimens that exist and the number that were sampled followed 
by the number included for DNA extraction followed by amplification success across the 5 primer 
pairs for each of the S. pratensis varieties. 
Var. 
 Existing 
Herbarium 
Specimens 
 
Sampled 
DNA 
Extraction 
Attempted 
Year 
Range 
rbcL matK ITS2 trnL trnV 
pratensis 34 33 5 1957-1967 0 0 0 0 0 
arenaria 9 8 8 1831-1957 6 0 2 4 0 
ovalis 9 9 9 1975-2005 4 1 0 3 0 
subacaulis 6 5 5 1964-1997 0 0 0 0 0 
grandifolia 1 1 1 1905 0 0 0 0 0 
2.4.5. Living material  
A total of 419 samples were extracted from the living material available which covered 22 
sites in Carmarthenshire, two from Ceredigion, one from Ireland and six from commercial 
seed. All but one individual of the living material had its DNA successfully extracted, 
assessed as successful amplification with at least one primer.  
2.4.6. DNA extraction and amplification success 
Table 6. Number of samples tested, amplification success and number sent for sequencing for the 
living material of S. pratensis. 
Primer  Samples tested Amplified Sequenced Variability? 
rbcL 19 19 5 No 
matK 19 15 15 No 
ITS2 227 223 223 Yes 
trnL 419 418 418 Yes 
trnV 419 418 418 Yes 
ndhF 19 0 0 - 
psbA3-f  192 191 96 No 
trnQ-5’  192 191 96 No 
trnD  192 0 0 - 
3'rpS16 192 191 96 No 
petL   192 0 0 - 
 
2.4.7. Sequencing success  
11 primer pairs were tested against the living S. pratensis material (Table 4). The initial 
screening used rbcL, matK, ITS2, trnL, trnV, and ndhF. ndhF did not amplify with any of the 
individuals and matK did not successfully amplify with all of the individuals. The regions 
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that showed variability were then tested on a larger number of samples. A further five 
primer pairs were tested at this point. Two did not amplify with any individuals; trnD and 
petL. Of the three that did amplify successfully (psbA3-f, trnQ-5’ and 3'rpS16) 96 samples 
were sent for initial sequencing.  
2.4.8. Sequence variability 
No variation in the sequences was found with five the rbcL sequences and the 15 matK 
sequences returned (Table 6). For ITS2, a limited number of possible point mutations 
were found in the Carmarthenshire material; however sequences returned were of poor 
quality and therefore it cannot be assumed these were accurate. Analysis of ITS2 was not 
taken any further. Of the further three regions that amplified successfully (psbA3-f, trnQ-
5’ and 3'rpS16) no variability in the sequences returned from these regions was found.  
Variation in both the trnL and trnV regions was found between individuals. In the trnL 
region an 8 bp indel was found (Figure 11). Of the 368 successfully returned sequences, 
11.1% had the indel present. In the trnV chloroplast region a 14 bp indel was found and of 
the 380 sequences returned 2.89% had the indel present (Figure 12).  
 
   Figure 11. rpl32-F-trnL 8 bp indel 
 
 
Figure 12. trnV(UAC)-ndhC 14 bp indel 
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2.4.9. Variation in rpl32-F-trnL and trnV(UAC)-ndhC chloroplast regions 
The percentage frequency of the trnL indel and trnV indel for 24 Welsh populations, one 
Irish and six commercial seed sources is summarised in Table 7.  
Table 7. Populations screened using trnL and trnV. Site codes in brackets correspond to Figure 13 
and Figure 14. Presence or absence of the indel was scored. 
Site Code Site Name / Provenance trnL n 
trnL Indel 
Frequency 
(%) 
trnV n 
trnV Indel 
Frequency 
(%) 
1 Caeau Ffos Fach (CFF) 19 0 19 0 
2 Black Lion (BL) 16 6.25 16 0 
3 Rhôs Cefn Bryn (RCB) 15 0 15 0 
4 Cencoed Uchaf (CU) 11 0 19 0 
5 Letty Mawr (LM) 15 0 15 0 
6 Sylen Ranch (SR) 16 0 16 0 
7 Ty Newydd (TN) 16 0 15 0 
8 Median Farm (MEF) 16 0 16 0 
9 Mynydd Mawr CP (MM) 19 0 19 0 
10 Llyn Llech Owain (LLO) 16 0 16 0 
11 Church Rd (CR) 7 0 16 0 
12 Cae Lotwen (CL) 16 0 15 0 
13 Gate Hall Community 16 0 15 0 
14 Castell Howell Food Park (CH) 16 100 16 0 
15 Morfa Farm (MF) 15 6.67 16 0 
16 Bryn Withan (BW) 16 0 16 0 
17 Tir Philip (TP) 19 15.79 19 26.32 
18 Coed y Derwen (CD) 16 0 14 0 
19 Cwm Afon Gwili (CAG) 16 12.5 18 0 
21 Dwr Cymru (DC) 16 0 16 0 
24 Allt Nant-y-Ci (A) 18 88.89 18 0 
25 Carmel (C) 5 20.00 4 0 
29 Rhôs Llawr Cwrt (RLC) 16 6.25 16 25.00 
31 Borth Bog (BB) 14 0 15 13.33 
Ireland The Burren, Ireland (BUI) 5 0 5 0 
Commercial Seed  
Sheffield Seed 
Company 
Hungary 1 0 1 0 
Somerton Farm Pembrokeshire (P) 3 100 3 33.33 
Yellow Flag 
Wildflowers 
Gloucestershire (G) 3 33.33 3 0 
Farnell Farm Kent (K) 3 0 3 33.33 
Naturescape Nottinghamshire (N) 3 66.67 3 0 
Scotia Seeds Fife, Scotland (FS) 3 0 3 0 
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Figure 13. Map showing the frequency of rpl32F-trnL indel for commercial seed, Carmarthenshire 
and Ceredigion populations of Succisa pratensis. Site codes correspond to Table 7. 
2.4.10. rpl32F-trnL 
From the 22 Carmarthenshire populations screened, 15 populations did not have the trnL 
indel present. Six populations showed mixed populations with individuals with the trnL 
indel present and the trnL indel absent. The percentage frequency of the indel ranged 
from 6.25% to 88.29% (Table 7). All of the 16 individuals screened from Castell Howell 
Food Park had the indel present. Of the Ceredigion sites, Rhôs Llawr Cwrt had a mixed 
population (percentage frequency 6.25%) while no individuals showed the indel at Borth 
Bog. Of the commercial populations, the indel was present in the seed sourced from 
Nottinghamshire, Gloucestershire, and Pembrokeshire. No broad geographic patterns 
could be inferred (Figure 13).  
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Figure 14. Map showing the frequency of trnV(UAC)-ndhC indel for commercial seed, 
Carmarthenshire and Ceredigion populations of Succisa pratensis. Site codes correspond to Table 
7. 
2.4.11. trnV(UAC)-ndhC 
21 of the 22 populations screened in Carmarthenshire did not show the trnV indel (Figure 
14). Of the 349 individuals sampled from Carmarthenshire only five plants had the indel 
present. Only one population in Carmarthenshire, Tir Philip, showed individuals with and 
without the indel. Ceredigion populations, Borth Bog and Rhôs Llawr Cwrt, were also 
mixed populations for trnV with the percentage frequency for these three mixed 
populations ranging from 13.33% to 26.32%. The indel was also present in two of the 
commercial companies’ plants with the provenance of the seed reported as 
Gloucestershire and Nottinghamshire.  
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2.5. Discussion 
2.5.1. Succisa pratensis varieties and restoration 
There is uncertainty on the usefulness of these distinctions placed on the morphological 
variation of S. pratensis. Sell and Murrell (2006) based their UK distribution of Rouy's 
(1905) French described varieties on only the Cambridge herbarium specimens (Dr T. 
Rich, personal communication), despite Adams (1955) noting that short stemmed 
varieties showed an increase in their stem height when cultivated. It was also noted that 
both large and small plants from inland regions showed a convergence in size and that 
there was no permanent adaption to any soil type. The sample size that these varieties 
have been based on is therefore small and without the benefit of observing the plants in 
situ. These divisions could potentially be relevant but more work is needed to justify 
them, either genetically or with traditional taxonomic techniques. 
Attempts were made here to examine these varieties genetically, however with only 
these herbarium specimens as a source of DNA the possibility of in depth genetic 
examination is unlikely. The majority of success here was achieved with specimens dating 
from 1992 onwards. Living material would be a more reliable source for DNA extraction 
however the older herbarium specimens do not provide usable locality information and 
can be very broad in area. If the original sites could be revisited it would be possible to 
collect seed and grow the plants on in standard conditions, in order to examine the 
morphological traits of the offspring and separate them from environmental effects. 
Other herbarium collections could also be visited to build a picture of the historical and 
current variety.  
In terms of sourcing seed for potential restoration work, stringent adherence to the idea 
of these varieties may not be possible or practical. While stem height was found to 
converge when offspring were grown on, differences in flowering time were found to 
remain between populations of S. pratensis from the Hebrides and populations from 
England (Adams, 1955). In a study on seed provenance for hedgerow planting in the UK, 
Hungarian Crataegus monogyna was found to show earlier growth and flowering and so 
suffered most severely from mildew when planted in UK upland and lowland sites (Jones 
et al., 2001). For the best chances of establishment success at sites therefore, it could be 
that local provenance of S. pratensis seed may be appropriate due to differences in 
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flowering phenology. Other concerns of the suitability of local provenance need to be 
addressed however such as the genetic health and fitness of the local populations.  
2.5.2. Genetics of Carmarthenshire populations 
The beginning of investigating the population structure of the Carmarthenshire 
populations of S. pratensis was started here, using chloroplast regions to examine 
variation.  The cpDNA regions rbcL and matK showed no variation but as these regions are 
the recommended for plant DNA barcoding sequences the variability within a species may 
be expected to be low (CBOL Plant Working Group, 2009). The genetic variation between 
the more variable chloroplast regions may be expected to be higher in varieties, however 
low levels of variation were found here for the examined chloroplast regions. Only the 
trnV and trnL regions showed any appreciable difference, however a geographic pattern 
could not be inferred for the populations of S. pratensis examined here. Other potential 
genetic techniques more appropriate for population level studies could be utilised here to 
answer questions on examining the reported varieties in addition to looking at the 
relationships between the Carmarthenshire populations. Examining the local populations 
genetically would help to answer questions on the suitability of locally sourced seed for 
restoration work; by examining the genetic health of the populations in relation to fitness 
criteria and population size.  
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2.5.3. Genetics and habitat restoration 
The positive relationships between population size and fitness are often stated to be due 
to negative effects associated with increased inbreeding and reduced genetic variation 
from genetic drift, reduced gene flow and founder effects in smaller, isolated populations 
(Leimu et al., 2006; Oostermeijer et al., 2003; Reed, 2005). These relationships can be 
examined using genetic techniques, in order to directly study the proposed processes, 
provide more information on plant populations in order to make informed conservation 
and management decisions that avoid the genetic problems that could arise with 
restoration work such as the introduction of maladapted individuals, increased inbreeding 
from the introduction of highly related individuals and the potential of outbreeding 
depression from the introduction of highly genetically divergent individuals (Weeks et al., 
2011). 
Using genetic techniques to answer these questions on the importance of provenance, 
population structure and genetic diversity of a key species has become important to 
restoration ecology (Williams et al., 2014). Molecular markers have often been used in 
examining the genetics of species for the purposes of ecological restoration, using 
techniques and applications such as amplified fragment length polymorphisms (AFLP) 
looking at the relative genetic diversity of a species in natural versus restored habitat 
(Travis et al., 2002); and microsatellites and chloroplast DNA regions looking at 
population structure and subspecies to elucidate seed source choice (Houston & Wolff, 
2012).  With the trend towards an increase in sequencing return for a decreased cost 
associated with next-generation sequencing technology there is increasing potential  in 
using genetics to answer these key questions (Williams et al., 2014). 
2.5.4. Next Generation Sequencing 
In order to directly examine the genetic diversity of plant populations, molecular markers 
such as microsatellites and single nucleotide polymorphisms (SNPs) have been utilised in 
a wide range of population and landscape genetic studies. However, development can be 
expensive and time consuming and SNPs were seen as previously inaccessible for species 
with little economic value (Sunnucks, 2000). With the advent of next generation 
sequencing there has been a decrease in sequencing cost with an increase in sequencing 
return, making these techniques more viable for ecological and conservation studies. 
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Restriction site associated DNA sequencing (RAD-seq) which produces a reduced 
representation of the whole genome allows for the large scale production of SNPs with 
genomic representation. This method can provide a cost-effective approach to SNP 
discovery whilst genotyping individuals at the same time (Baird et al., 2008). In addition, 
genome-wide association studies can be used to look for associations between the 
genetics and traits of interest. In the future, when restoring populations for habitats, 
selecting for traits, or building evolutionary potential into the source seed may become 
possible with these techniques (Harrisson et al., 2014; Williams et al., 2014). 
Even without further genetic work examining the varieties of S. pratensis, there is an 
argument for the described varieties being of lesser concern to restoration work in the 
Caeau Mynydd Mawr Project area.  Population level genetic surveys would be a useful 
tool in planning any restoration, supplementation or translocation work however, for the 
information they could provide on the relatedness of individuals, levels of inbreeding and 
the levels of genetic variation present in the Caeau Mynydd Mawr individuals. 
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Chapter 3 
3. Relationships between population size and fitness 
variables of Succisa pratensis 
3.1. Introduction 
Anthropogenic transformation of land has led to large alterations in landscapes with 
resulting habitat loss and fragmentation (Dallimer et al., 2009). Semi-natural species rich 
grasslands are vulnerable to changes in land use, habitat loss, degradation and 
fragmentation, as well as increases in nitrogen input (Wesche et al., 2012). As a result, 
plant populations can become small and isolated throughout a landscape and potentially 
suffer from a decrease in fitness which may lead to an increased chance of extinction 
(Leimu et al., 2006; Vitousek, 1994).  
Fitness of a population is thought to be affected by long-term population size by different 
mechanisms (Reed, 2005).  The loss and fragmentation of habitat can lead to reduction in 
population size as well as decreased gene flow between populations.  Small populations 
are vulnerable to the loss of genetic variation (Young et al., 1996; Ellstrand & Elam, 1993), 
while the level of inbreeding can also be higher in small and isolated populations, 
potentially leading to inbreeding depression.  Inbreeding depression in plants can 
manifest in a variety of factors, such as lowered seed production (Severns, 2003; Sheridan 
& Karowe, 2000), lowered germination rates (Menges, 1991), decreased seedling survival 
(Oostermeijer et al., 1994), and decreased growth. The potential loss of genetic diversity 
in small and isolated populations is highlighted as a concern for conservation work, as 
they may limit a species evolutionary potential and capacity for coping with changes in 
the environment (Atkins & Travis, 2010; Edmands, 2007). 
3.1.1. Relationships between population size, habitat quality, genetic diversity 
and fitness in Succisa pratensis  
S. pratensis is a long lived perennial herb, widespread throughout the UK but has declined 
since the 1950s (Adams, 1955; Preston et al., 2002). As the main larval host plant and 
food plant for the endangered butterfly E. aurinia, S. pratensis is a key priority for the 
conservation of E. aurinia (Warren, 1994). In Carmarthenshire, Wales, the Caeau Mynydd 
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Mawr SAC holds an important metapopulation of E. aurinia, set in a landscape of 
fragmented habitat, from small, isolated patches to larger, interconnected ones. The 
Caeau Mynydd Mawr Project aims to create or restore 100 ha of marshy grassland 
suitable for E. aurinia and key to this is investigating the extant populations of S. 
pratensis. 
Within Europe, the relationships of population size, genetic diversity and fitness in S. 
pratensis populations have been examined. Changes in plant fitness were attributable to 
the effects of small habitat size in populations in Switzerland and that the gene flow to 
near habitat islands (estimated at around 50 m) was limited and unable to prevent 
changes in fitness (Hooftman et al., 2003). Using allozymes, marginal genetic differences 
were found between small and large habitat islands of S. pratensis (Hooftman et al., 
2004). In Hooftmann (2004) it is argued that the current genetic variability of populations 
may represent the previous connected landscape and that the adverse effects of genetic 
erosion were in an early phase. 
 In Dutch populations of S. pratensis, a reduction in genetic diversity was correlated with 
reduced reproductive success; where smaller populations produced less seed per flower 
head, exhibited lowered germination rates and lowered seedling survival (Vergeer et al., 
2003a). S. pratensis from small populations was found to show reduced fitness, reduced 
genetic diversity and high inbreeding coefficients. In addition, less eutrophic habitats 
were found to support larger populations and that population size was strongly 
influenced by the quality of habitat. Plant performance in response to environmental 
stress (eutrophication and acidification) was also affected with plants from smaller 
populations affected more (Vergeer et al., 2003b; Mix et al., 2006). The Dutch populations 
were isolated longer than the Swiss supporting the possibility that there was not 
sufficient time to result in inbreeding. 
Populations were studied in Sweden to examine the effects of abandonment on S. 
pratensis (van der Meer et al., 2013). It was found that abandoned populations suffered 
higher mortality rates and lower seedling establishment when compared with 
traditionally grazed areas. However, individuals in abandoned areas did exhibit higher 
growth rates and showed more flower heads per plant. For 24 calcareous fen populations 
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of S. pratensis in Switzerland the influence of management was examined, comparing 
between mown fens and grazed fens (Buhler & Schmid, 2001). It was found that the 
intensity of management rather than the type was impactful on population structure, 
with a negative relationship between the intensity of grazing and the density of adult 
plants. 
Understanding the relationships between factors such as population size, habitat quality 
and the genetic diversity of S. pratensis is a vital component of appropriate planning and 
long-term management for E. aurinia within the Caeau Mynydd Mawr Project. 
3.1.2. Habitat restoration 
Habitat restoration is an important tool in the prevention and reversal of habitat loss. A 
key consideration of restoration work is the provenance of seed in order to most 
effectively establish or support populations (McKay et al., 2005; Miller & Hobbs, 2007). 
High quality seed is vital in order to ensure the best probability of restoring self-sustaining 
and resilient populations (Broadhurst et al., 2008).  Local provenance is often valued as 
the best source of seed for restoration work, with the aim of avoiding failure or reduced 
success due to effects such as the introduction of maladapted ecotypes (McKay et al., 
2005), outbreeding depression (Vergeer et al., 2004; Johansen-Morris & Latta, 2006) or 
life stages occurring at inappropriate times (Jones et al., 2001).  
However, Wilkinson (2001) argues that in long lived species, local adaption is less relevant 
due to changing environmental conditions and landscapes throughout the lifespan of a 
species and that local provenance may be of most concern in isolated populations with 
low dispersal, or little gene flow from other populations.  The benefits of local adaptation 
may be less overt due to local populations being inhibited by small population size and 
the processes of gene flow, genetic drift and founder effects (Jones, 2013).  Optimising 
the source of seed may be a process of selecting for similarity in habitat rather than 
prioritising geographical distance (O’Brien et al., 2007; Jones, 2013). Other strategies also 
include attempting to conserve evolutionary potential by using a composite of seed 
sources from locally sourced seed in addition to genetically variable stock from matched 
habitat sources (Broadhurst et al., 2008; Sgrò et al., 2011; Williams et al., 2014).  
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To achieve the goal of 100 ha of habitat suitable for E. aurinia, the host plant S. pratensis 
may require introduction or reintroduction to sites as well as the supplementation of 
current populations. The appropriate provenance of seed is therefore vital in order to 
provide the best chance of creating resilient populations whilst being aware of the 
potential problems, such as maladapted ecotypes or inbreeding depression. By examining 
the current populations of S. pratensis the relationships between population size, site 
characteristics and offspring fitness can be investigated.  
o Is there a relationship between the population size of S. pratensis and fitness of 
the plants?  
o Is the relationship expressed through the reproductive fitness and offspring plant 
fitness variables? 
To begin to answer these questions, sites and populations of S. pratensis in the Caeau 
Mynydd Mawr Project area were surveyed, seed collected and grown on in order to 
examine the relationships between population size and reproductive and offspring fitness 
traits in the Caeau Mynydd Mawr S. pratensis populations. 
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3.2. Methods 
 
3.2.1. Succisa pratensis survey, site data and fitness variables 
21 sites in the Caeau Mynydd Mawr Project area were surveyed in 2013 and were 
included for this analysis of population and site data, and seed data. 18 populations were 
included in the analysis between population and site data and the plant phenomic data 
(summarised in Chapter 1, Table 1, pg. 18).  
Population size and site area was recorded and, where possible, seed heads were 
collected from each population. Seed count and seed weight was recorded. In 2014, 
collected seed was then germinated and germination percentage and seedling survival 
was measured. Offspring plants were taken from 18 of the surveyed populations and 
processed in the National Plant Phenomics Centre in Aberystwyth University. Leaf 
number, plant height (cm) and plant growth (mm2) was recorded. Full methods for data 
collection are detailed in the general methods Chapter 1 (pg. 14) and traits measured are 
summarised in Chapter 1 Table 3, (pg. 20). 
3.2.2. Data analysis 
Data analyses were performed using SPSS version 22 and R-3.1.2. Analyses were carried 
out to ensure no violation of the assumptions of normality, linearity, multicollinearity and 
homoscedasticity. Shapiro-Wilk, histogram and q-q plots were used to assess normality. 
Outliers, linearity and homoscedasticity were assessed using the normal p-p plot and the 
scatter plot. Outliers were additionally assessed using the Mahalanobis distances. 
Multicollinearity during the regressions was assessed using the correlations output during 
the test and the results of bivariate correlations. 
Non-normal data variables were transformed in order to meet the assumptions of 
normality and perform parametric statistical tests.  The Shapiro-Wilk test for normality, 
histograms and q-q plots were used to assess the data transformations. Sampling day, 
germination percentage and seedling survival were normally distributed and 
untransformed. As germination percentage and seedling survival were normally 
distributed an arcsine transformation for proportional or percentage data was not used. 
Census population, seed weight, and plant growth (mm2) were square-rooted. Site area 
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and seed count were square-rooted twice.  Leaf number and plant height were log-
transformed.  
Bivariate correlations were performed to test for relationships between population size, 
sampling day and the extant area of the sites on different fitness variables. Census 
population size was selected to best represent the current and potential S. pratensis 
populations. Linear multiple regression analysis was performed to examine the ability of 
population size, sampling day, and extant area to predict different fitness variables. After 
this a second multiple regression was performed to examine population size and 
collection day alone and their contribution to different fitness measures. 
The interaction of these factors was then examined using structural equation modelling. 
Using the relationships explored in the multiple regression and correlations the fit of the 
model to the data was tested. Maximum likelihood estimation was used to calculate the 
standardised path coefficients which allow the relative magnitude of the effects of 
different explanatory variable in the path model to be compared. Path co-efficients are 
standardised versions of the linear regression weights. The model fit was tested using 
Bentler’s Comparative Fit Index (CFI) where values close to 1 indicate a very good fit. 
AMOS 21 was used to design, estimate and test the model. 
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3.3. Results 
Site data collected from 21 sites in Carmarthenshire is summarised in Table 8. Census 
population size ranged from 35 (site 4, Cencoed Uchaf) to 453 individuals (site 12, Cae 
Lotwen) and site area from 0.27 ha (site 13, Gate Hall Community) to 12.71 ha (site 2, 
Black Lion).  The percentage of flowering plants ranged from 29.49% (site 6, Sylen Ranch) 
to 88.46% (site 10, Llyn Llech Owain) 
Table 8. Site and population data for 21 populations of Succisa pratensis in Carmarthenshire. 
Site 
Code 
Site Name 
Sampling 
Date 
(2013) 
Sampling 
Day 
Site 
area (ha) 
Census 
Pop. Size 
Ne Nv 
Percentage 
Flowering 
1 
Caeau Ffos 
Fach 
11/10 1 7.31 411 321 90 78.13 
2 Black Lion 11/10 1 12.71 276 218 58 78.95 
3 
Rhos Cefn 
Bryn 
15/10 5 6.83 274 212 62 77.27 
4 
Cencoed 
Uchaf 
16/10 6 1.18 35 27 8 76.02 
5 Letty Mawr 17/10 7 3.45 208 181 27 87.23 
6 Sylen Ranch 17/10 7 1.03 78 23 54 29.49 
7 Ty Newydd 21/10 11 1.89 131 97 34 74.20 
8 
Median 
Farm 
23/10 13 0.86 262 216 46 82.61 
9 
Mynydd 
Mawr CP 
23/10 13 1.03 52 44 8 85.19 
10 
Llyn Llech 
Owain 
24/10 14 1.42 155 137 18 88.46 
11 Church Rd 24/10 14 3.81 218 145 73 66.67 
12 Cae Lotwen 29/10 19 6.05 453 377 75 83.33 
13 
Gate Hall 
Community 
30/10 20 0.27 312 254 58 81.54 
14 
Castell 
Howell Food 
Park 
31/10 21 1.78 39 33 6 85.19 
15 Morfa Farm 31/10 21 2.90 313 244 70 77.78 
16 Bryn Withan 01/11 22 2.45 201 149 53 73.81 
17 Tir Philip 01/11 25 6.27 172 142 29 83.02 
18 
Coed y 
Derwen 
05/11 26 4.78 70 48 22 68.00 
19 
Cwm Afon 
Gwili 
06/11 27 3.41 260 159 101 61.11 
21 Dwr Cymru 07/11 28 0.28 149 115 34 76.93 
22 
Greengrove 
Farm 
07/11 28 0.72 151 115 36 76.31 
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Seed data collected by Carter (2014) for the same populations is summarised in Table 9 
and Table 10. This includes measures of mean seed count, seed weight, germination and 
seedling survival. In total, seed collected from 587 individuals was examined. The number 
of seeds per flower head ranged from 17 to 99 seeds and the overall mean seed number 
per flower head was 48.10 (SD = 13.53, n = 721). Site 1, Caeau Ffos Fach had the highest 
mean number of seeds per flower head at 68.86 and site 14 Castell Howell Food Park had 
the lowest at 40.75. The seed weight ranged from 0.18 mg to 7.27 mg and the overall 
mean seed weight was 1.05 mg (SD = 0.474, n = 721). The largest mean seed weight was 
found at site 2, Black Lion 1.39 mg (SD = 0.56) and the smallest at site 22, Greengrove 
Farm with 0.67 mg (SD = 0.25). 
Of the total 35,609 collected seeds, 6,691 germinated giving an overall germination 
percentage of 18.95% and 59% of plants had seeds that germinated. Of the total 
germinated seed, 1,145 survived as seedlings making the overall percentage seedling 
survival of the germinated seed 17.11%.
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Table 9. Median and range for seed count and seed weight for 21 populations of Succisa pratensis in Carmarthenshire 
Site Code Site Name n 
Mean Seed 
Count (SD) 
Median  
Seed Count 
Range  
Seed Count 
Mean 
 Seed Weight (mg) 
(SD)  
Median  
Seed Weight 
(mg) 
Range 
Seed Weight 
(mg) 
1 Caeau Ffos Fach 22 68.86 (11.29) 67.5 46 1.31 (0.41) 1.19 1.36 
2 Black Lion 27 64.74 (11.89) 65 56 1.39 (0.56) 1.29 2.37 
3 Rhôs Cefn Bryn 30 51.80 (12.91) 50.5 48 1.00 (0.38) 1.00 1.61 
4 Cencoed Uchaf 29 42.90 (7.80) 43 35 0.83 (0.35) 0.84 1.29 
5 Letty Mawr 29 54.72 (10.91) 56 42 1.02 (0.32) 1.10 1.30 
6 Sylen Ranch 30 50.74 (9.63) 50 39 0.92 (0.30) 0.90 1.06 
7 Ty Newydd 30 56.67 (15.74) 56 65 1.16 (0.53) 1.14 2.86 
8 Median Farm 29 56.59 (10.98) 56 50 1.10 (0.42) 1.03 1.30 
9 Mynydd Mawr CP 29 50.00 (12.55) 50 60 1.09 (0.45) 1.03 1.95 
10 Llyn Llech Owain 30 46.80 (13.52) 48 49 0.96 (0.36) 0.91 1.51 
11 Church Rd 30 53.21 (11.07) 50.5 52 1.06 (0.48) 1.01 2.09 
12 Cae Lotwen 30 52.93 (11.93) 54 55 1.10 (0.35) 1.02 1.31 
13 Gate Hall Community 30 41.37 (10.33) 43.5 47 1.33 (1.18) 1.06 6.71 
14 Castell Howell Food Park 12 40.75 (8.81) 41 32 0.88 (0.32) 0.76 0.95 
15 Morfa Farm 29 42.10 (11.14) 42 51 0.99 (0.31) 0.92 1.07 
16 Bryn Withan 30 49.77 (9.57) 49.5 36 0.99 (0.33) 0.93 1.26 
17 Tir Philip 30 46.50 (10.82) 46 47 1.05 (0.43) 0.99 1.69 
18 Coed y Derwen 28 45.86 (9.61) 46.5 38 1.04 (0.36) 0.96 1.23 
19 Cwm Afon Gwili 30 46.57 (10.07) 45.5 36 1.13 (0.47) 1.07 2.03 
21 Dwr Cymru 30 46.50 (12.14) 46 46 0.93 (0.37) 0.90 1.84 
22 Greengrove Farm 23 48.65 (11.19) 49 51 0.67 (0.25) 0.61 0.97 
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Table 10. Mean and standard deviation for germination percentage and seedling survival of 
germinated seed for 21 populations of Succisa pratensis in Carmarthenshire. 
Site 
Code 
Site Name n 
Mean  
Germination % (SD) 
Mean  
Seedling Survival % (SD) 
1 Caeau Ffos Fach 22 27.14 (25.95) 13.1 (14.88) 
2 Black Lion 27 33.63 (27.77) 19.3 (19.35) 
3 Rhôs Cefn Bryn 30 23.88 (27.36) 9.8 (11.32) 
4 Cencoed Uchaf 29 16.66 (26.56) 11.2 (14.97) 
5 Letty Mawr 29 17.37 (24.77) 12.9 (15.4) 
6 Sylen Ranch 30 29.62 (29.2) 11.3 (14.65) 
7 Ty Newydd 30 25.98 (28.33) 12.9 (18.55) 
8 Median Farm 29 15.74 (23.65) 19.7 (26.84) 
9 Mynydd Mawr CP 29 14.03 (21.33) 12.4 (17.11) 
10 Llyn Llech Owain 30 17.5 (26.03) 12.2 (24.29) 
11 Church Rd 30 15.16 (25.69) 14.8 (17.28) 
12 Cae Lotwen 30 10.75 (19.12) 8.7 (14.96) 
13 Gate Hall Community 30 12.61 (17.44) 3.4 (5.84) 
14 Castell Howell Food Park 12 3.65 (7.13) 0 (0) 
15 Morfa Farm 29 21.08 (21.39) 4.7 (7.55) 
16 Bryn Withan 30 9.7 (17.11) 4.3 (5.6) 
17 Tir Philip 30 14.86 (20.67) 11.8 (19.06) 
18 Coed y Derwen 28 18.19 (26.75) 4.1 (6.36) 
19 Cwm Afon Gwili 30 23 (28.01) 3.6 (6.21) 
21 Dwr Cymru 30 8.72 (14.91) 0 (0) 
22 Greengrove Farm 23 1.89 (4.73) 19.2 (28.2) 
 
Phenomics data for 18 populations is summarised in Table 11 including leaf number, plant 
height (cm) and plant growth (mm2). 195 offspring plants were analysed to generate the 
phenomic data. Site 12, Cae Lotwen had the largest mean leaf number at 9.5 (SD = 4.12) 
and site 4 Cencoed Uchaf had the smallest at 5.33 (SD = 1.58). The mean plant height was 
highest for site 2, Black Lion with 3.50 cm (SD = 1.27) and lowest for site 15 Morfa Farm 
with 1.75 cm (SD = 0.61).    
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Table 11. Mean and standard deviation for leaf number, plant height and plant growth. Data obtained from Phenomics Centre at Gogerddan, Aberystwyth 
University using Lemnatec RGB Imaging. 
Site 
Code 
Site Name n 
Mean Leaf 
No. (SD) 
Median 
Leaf  
No. 
Range 
Leaf  
No. 
Mean Plant 
Height (cm) 
(SD) 
Median 
Plant 
Height 
(cm) 
Range 
Plant 
Height 
(cm) 
Mean Plant  
Growth (mm2) (SD) 
Median 
Plant 
Growth 
(mm2) 
Range 
Plant 
Growth 
(mm2) 
1 Caeau Ffos Fach 17 6.82 (1.62) 6 7 2.15 (0.49) 2.00 2 1865.54 (1339.24) 1437.84 4181.48 
2 Black Lion 28 8.18 (2.16) 7 13 3.50 (1.27) 3.50 5.5 2514.27 (1772.77) 3007.96 5780.64 
3 Rhôs Cefn Bryn 11 6.27 (1.34) 6 4 2.18 (0.68) 2.00 2 2094.94 (1425.91) 1651.32 4803.84 
4 Cencoed Uchaf 7 5.33 (1.58) 6 5 1.83 (0.61) 1.50 2 817.66 (756.15) 518.28 1790.12 
5 Letty Mawr 15 7.00 (1.10) 7 4 2.78 (1.55) 2.50 4.5 2542.06 (1334.82) 2282.12 5428.8 
6 Sylen Ranch 13 7.12 (2.06) 7 9 2.97 (1.20) 3.00 5 4234.13 (2838.58) 3623.88 10930.2 
7 Ty Newydd 15 7.31 (1.81) 6 6 2.31 (0.68) 2.50 2.5 2179.55 (2366.03) 1651.6 9480.96 
8 Median Farm 11 7.36 (1.91) 6 9 2.77 (0.68) 3.00 2.5 2171.11 (1621.84) 1471.6 4445.08 
9 Mynydd Mawr CP 12 7.25 (1.77) 6 7 2.54 (0.75) 2.50 2.5 2956.42 (1762.91) 3459.18 4874.2 
10 Llyn Llech Owain 13 6.54 (1.56) 6 6 1.96 (0.38) 2.00 1 1085.60 (1127.68) 954.84 3847.32 
11 Church Rd 12 7.83 (1.59) 8 6 2.63 (0.77) 2.75 2.5 2166.03 (1063.59) 2091.66 3632.76 
12 Cae Lotwen 4 9.50 (4.12) 9 8 2.63 (0.63) 2.50 1.5 1335.89 (922.71) 1308.34 2067.28 
13 Gate Hall Community 4 8.50 (1.00) 8 2 2.75 (0.50) 3.00 1 2593.41 (399.28) 2551.6 962.76 
15 Morfa Farm 6 6.67 (2.07) 6 6 1.75 (0.61) 1.50 1 1722.94 (1916.59) 1206.38 5250.2 
16 Bryn Withan 6 6.83 (1.83) 8 4 3.42 (1.39) 3.25 4 2666.89 (2044.00) 2539.5 5917.16 
17 Tir Philip 11 6.58 (1.44) 6.5 4 2.54 (0.72) 2.50 2.5 1829.68 (815.16) 1949.04 2871.44 
18 Coed y Derwen 5 6.63 (2.88) 8 9 2.38 (0.92) 2.00 2 3060.81 (1605.36) 2490.52 3889.64 
19 Cwm Afon Gwili 5 6.50 (0.92) 6 2 2.00 (0.80) 2.00 2 2997.15 (1662.23) 3306.76 4123.28 
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3.3.1. Bivariate correlations for S. pratensis site and fitness variables 
Bivariate correlations for the variables in Table 8, Table 9, Table 10 and Table 11  showed 
a positive relationship for census population size with seed count (r=0.448, p<0.05), seed 
weight (r=0.560, p<0.01) and leaf number (r=0.460, p<0.05) (Figure 15 and Figure 16). In 
addition, positive correlations for site area and seed count (r=0.596, p<0.01) and seed 
weight (r=0.543, p<0.05) were observed (Figure 15). However, sampling day showed 
negative correlations with seed count (r=-0.650, p<0.01), germination percentage (r=-
0.668, p<0.01), and seedling survival (r=-0.529 p<0.05) (Figure 15).  
In addition, seed count positively correlated with germination percentage (r=0.544, 
p<0.05) and seedling survival (r=0.647, p<0.01), seed weight positively correlated with 
germination percentage (r=0.565, p<0.01) and seed count and seed weight positively 
correlated with each other (r=0.508, p<0.05).  
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r=0.448 p=0.042 r=0.596 p=0.004 r=-0.650 p=0.001 
 
r=0.560 p=0.008 r=0.543 p=0.011 r=-0.369 p=0.100 
 
r=0.214 p=0.351 r=0.537 p=0.012 r=-0.668 p=0.001 
 
r=0.099 p=0.670 r=0.272 p=0.234 r=-0.529 p=0.014 
Figure 15. Results between census population size, site area (ha) and sampling day for seed count, 
seed weight (mg), germination percentage and seedling survival. 
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r=0.460 p=0.036 r=0.373 p=0.096 r=-0.431 p=0.051 
 
r=0.292 p=0.199 r=0.317 p=0.162 r=-0.435 p=0.49 
 
r=0.109 p=0.668 r=-0.087 p=0.731 r=-0.153 p=0.544 
Figure 16. Results between census population size, site area (ha) and sampling day for leaf 
number, plant height (cm) and plant growth (mm2). 
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3.3.2. Relationships between S. pratensis site and fitness variables 
Multiple regressions were used to assess the contribution of census population size, site 
area and sampling day to different fitness variables of S. pratensis (Table 12). The initial 
model included these three independent variables. Site area was found to have no 
significant unique contribution in explaining the different fitness variables so was 
removed and the multiple regressions were run with census population and sampling day 
(Table 13). This improved the overall variance explained by the models. 
 
Table 12. Regression results for census population size, site area and sampling day as a model to 
explain different fitness variables of Succisa pratensis 
 Census Pop. Size Site Area Sampling Day Total Model 
Seed count Beta =0.307 
t =1.795 
p-value=.090 
Beta =0.205 
t =1.130 
p-value=0.274 
Beta =-0.537 
t =-3.217 
p-value=0.005* 
R2 = 0.512 
F (3, 7.996) 
p-value=0.002 ** 
Seed weight Beta =.461 
t =2.251 
p-value=0.038* 
Beta =.139 
t =0.640 
p-value=0.531 
Beta =-0.269 
t =-1.351 
p-value=0.194 
R2 = 0.302 
F (3, 3.890) 
p-value=0.028* 
Germination 
percentage 
Beta =0.053 
t =0.293 
p-value=0.773 
Beta =0.284 
t =1.473 
p-value=0.159 
Beta =-0.564 
t =-3.179 
p-value=0.005** 
R2 = 0.448 
F (3, 6.420) 
p-value=0.004 ** 
Seedling survival Beta =0.078 
t =0.349 
p-value=0.731 
Beta =0.003 
t =0.011 
p-value=0.991 
Beta =-0.520 
t =-2.379 
p-value=0.029* 
R2 = 0.160 
F (3, 2.274) 
p-value=0.117 
Leaf number Beta =0.592 
t =2.424 
p-value=0.029* 
Beta =-0.151 
t =-0.582 
p-value=0.570 
Beta =0.063 
t =0.264 
p-value=0.796 
R2 = 0.155 
F (3, 2.038) 
p-value=0.155 
Plant height Beta =0.240 
t =1.061 
p-value=0.303 
Beta =0.107 
t =0.448 
p-value=0.660 
Beta =0.373 
t =-1.694 
p-value=0.109 
R2 = 0.148 
F (3, 2.154) 
p-value=0.131 
Plant growth Beta =-0.146 
t =-0.506 
p-value=-0.620 
Beta =0.005 
t =0.018 
p-value=0.986 
Beta =0.096 
t =0.341 
p-value=0.738 
R2 = -0.175 
F (3, 0.156) 
p-value=0.924 
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Table 13. Regression results for census population size and sampling day to explain different 
fitness variables of Succisa pratensis. 
 Census Pop Size Sampling Day Total Model 
Seed count Beta =0.384 
t =2.427 
p-value=0.026* 
Beta =-0.600 
t =-3.793 
p-value=0.001** 
R2 =0.505 
F (2, 11.185) 
p-value=0.001** 
Seed weight Beta =0.513 
t =2.776 
p-value=0.012* 
Beta =-0.312 
t =-1.692 
p-value=0.108 
R2 =0.325 
F (2, 5.820) 
p-value=0.011* 
Germination 
percentage 
Beta =-0.160 
t =0.927 
p-value=0.366 
Beta =-0.652 
t =-3.784 
p-value=0.001** 
R2 =0.413 
F (2, 8.025) 
p-value=0.003 ** 
Seedling survival  Beta =0.079 
t =0.396 
p-value=0.697 
Beta =-0.521 
t =-2.605 
p-value=0.018* 
R2 =0.207 
F (2, 3.612) 
p-value=0.048* 
Leaf number Beta =0.536 
t =2.445 
p-value=0.027* 
Beta = 0.109 
t =0.500 
p-value=0.625 
R2 =0.192 
F (2, 3.021) 
p-value=0.079 
Plant height Beta =0.280 
t =1.382 
p-value=0.184 
Beta =-0.407 
t =-2.004 
p-value=0.060 
R2 =0.185 
F (2, 3.277) 
p-value=0.061 
Plant growth Beta =-0.144 
t =-0.563 
p-value=0.582 
Beta =0.094 
t =0.369 
p-value=0.717 
R2 = -0.097 
F (2, 0.250) 
p-value=0.782 
 
3.3.3. Structural equation modelling the relationships between S. pratensis 
site and fitness variables 
The results from the correlations and multiple regression led the structural equation 
model (Figure 17). Using the maximum likelihood estimation gave an observed x2 of 
34.416 for the model (df = 26, p-value = 0.125). The model fit values included a CFI of 
0.792 (Comparative Fit Index, value range from 0 to 1 with values close to 1 indicating a 
very good fit).  Significant effect was found from the census population and sampling day 
with census population size exerting a positive effect and sampling day a negative. The 
greatest effect of the latent variable fitness is on seed count with the model explaining 
0.67 of the total variance for seed count. Leaf number and plant height were not 
significantly explained by the census population size, site area and sampling day. 
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Figure 17. Structural equation model outlining the relationships between census population size, 
site area, date of sampling and plant fitness for 21 populations of Succisa pratensis from 
Carmarthenshire. The arrow width is proportional to the standardised path co-efficients. The 
broken line indicates a negative relationship. Estimates of the total variance explained for the 
dependent variables are indicated in bold. Paths with significant p-values are labelled with an 
asterisk. The model fit was significant (x2 = 30.410; d.f. = 26; p = 0.125). 
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3.4. Discussion 
 
The relationships between population size, site area and sampling day with fitness 
variables for Welsh populations of S. pratensis were investigated here.  A positive 
relationship for population size and the number of seeds per flower head in addition to 
population size and seed weight was found. A similar relationship between the number of 
seeds per flower head  and population size in S. pratensis has been shown (Vergeer et al., 
2003a). The number of seeds per flower head showed a positive relationship with seed 
weight, germination percentage and seedling survival indicating that larger populations 
produce more seed, larger seed and that this seed is then more successful in germinating 
and surviving to the seedling stage. A positive relationship between seed weight and 
successful germination has been previously shown in S. pratensis (Wallin et al., 2009). 
Therefore, it may be a starting point for restoration work to use population size as a 
measure to select appropriate sources of seed that will have a better chance of survival. 
Seed weight and the number of seed per flower head may be useful indicators within 
populations of which seed to harvest.  
Vergeer et al., (2003a) also found that S. pratensis plants from smaller populations 
showed lower germination rates and a decreased seedling survival; however there was no 
direct relationship shown here for population size and germination, or population size 
and seedling survival. It may be that S. pratensis, as a long lived perennial species, takes 
longer to exhibit the negative genetic effects of small population size as seen by Vergeer 
et al. (2003a) and that, similar to the Swiss populations studied by Hooftman et al. (2004), 
the small Carmarthenshire populations of S. pratensis are at an early stage of genetic 
erosion. Small populations within the Caeau Mynydd Mawr Project area may need 
supplementation of S. pratensis, in order to sustain the populations long-term. 
Positive relationships between population size and plant fitness have been shown for 
other plant species. This reduction in fitness is often linked to the expression of 
deleterious recessive alleles through inbreeding or genetic drift, indicating that the 
maintenance of large population sizes is a concern for conservationists (Reed, 2005; 
Leimu et al., 2006). The expression of this fitness reduction in reproductive traits, seen 
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here in S. pratensis, has also been demonstrated in other species. Brys et al. (2004) 
showed a similar positive relationship with seed production and population size for 
Primula vulgaris Hudson, where smaller populations had fewer fruits per plant and fewer 
seeds per fruit. Westoby et al. (1996) found that heavier seed is linked to improved 
seedling germination where heavier seed has more resources than lighter seed. However, 
the other observed trend of reduced seed number in return for the increased resource 
per seed was not observed here in S. pratensis, where seed count and seed weight had a 
positive relationship. 
The sampling day showed a significant negative relationship with some of the measured 
traits: seed count, germination rate and seedling survival.  A decreasing number of seeds 
later in the season may indicate the plant putting fewer resources into reproduction, or 
its reproductive output being depleted; however, this might also be expected to be 
expressed in a negative relationship with seed weight, which was not seen here. Both 
population size and sampling day made significant unique contributions to explain the 
variance in number of seed but only population size made a significant contribution to 
explain the variance in seed weight. Another explanation for the reduction in seed 
number may be the late season availability of pollinators, as it has been shown that 
lowered visitation rates can result in reduced seed set (Jennersten, 1988). Similarly, it was 
found that seed set declined in sparse populations compared to dense populations in two 
species, possibly linked to a reduction in pollinator service or the delivery of low quality 
pollen (Bosch & Waser, 1999). Therefore it is relevant that seed sampling for restoration 
work take place during the optimum time and not late into the season, in order to select 
seed that will give the best chance of successful germination and seedling survival. 
Further work could investigate this by collecting seed regularly from a site to examine the 
relationship between the date seed is collected and the reproductive fitness. 
When modelled together the effect of both population size and the date of sampling are 
more strongly seen in the earlier reproductive fitness traits, compared with the phenomic 
traits of leaf number and plant height. However a positive correlation was seen between 
population size and leaf number alone. Seedling establishment has previously been 
shown to be the major bottleneck for successful reproduction in a selection of perennial 
grassland plant species, including S. pratensis (Jongejans et al., 2006). Focusing seed 
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harvesting from populations that showed a better performance with the reproductive 
traits may be another suitable strategy in sourcing seed that will persist during 
restoration work.  
 Analysis showed that the total site area was not significantly associated with the fitness 
of the plants. Therefore the area of land that could potentially contain S. pratensis is not a 
useful indicator for the present fitness of the Caeau Mynydd Mawr populations and an 
inappropriate measure for quickly assessing population fitness. 
The quality of remaining habitat has previously been shown to impact on plant fitness, 
where poor habitat quality may be responsible for reduced plant fitness (Mix et al., 2006). 
S. pratensis is vulnerable to eutrophication and acidification (Vergeer et al., 2003b). 
Vergeer et al. (2003a) found that the direct effect of soil conditions were not as strong as 
the genetic effects on plant fitness and thus just the restoration of habitat may still leave 
plants vulnerable to reduced fitness if genetic measures are not accounted for, due to 
genetic erosion having already taken place. 
Further population level genetics work would help to elucidate choices for sourcing seed 
for restoration work in the Caeau Mynydd Mawr Project area (Chapter 2).  With genetic 
work the relationships between the populations could be properly discerned, allowing for 
the current status of the extant populations to be examine and allowing for informed 
choices on seed provenance that could take into account potential sources of genetic 
problems, such as maladaption, inbreeding and outbreeding depression (Breed et al., 
2012). The connectivity of the remaining landscape could also be examined, possibly 
revealing where restoration is most needed in order to connect isolated habitat islands.  
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Chapter 4 
4. Relationships between population size and fitness of 
Succisa pratensis and Euphydryas aurinia occurrence 
4.1. Introduction 
 
Plant population size and density has the potential to affect and be affected by biotic 
interactions, which can impact on conservation efforts negatively or positively 
(Tscharntke & Brandl, 2004). For example,  smaller and isolated patches of a plant species 
may be less likely to attract pollinators which can lead to a reduced seed set further 
negatively affecting plant population size (Oostermeijer et al., 1994; Jennersten, 1988).  
Leaf herbivory and seed predation can negatively affect plant population growth through 
high levels of damage to the plant (Leimu & Lehtilä, 2006) but alternatively monophagous 
herbivores may be less able to locate small, isolated populations therefore reducing the 
negative effect of herbivory (Zabel & Tscharntke, 1998). 
When attempting to reverse or prevent the further fragmentation of habitat, the main 
concerns of habitat restoration are often focused on establishing a plant species and the 
related concerns of sourcing appropriate healthy seed for reintroduction or 
supplementation (Wilkinson, 2001; Jones, 2013; Breed et al., 2012). However, individual 
plant species can only be a portion of the broad aims of habitat restoration (Miller & 
Hobbs, 2007; Schultz, 2002). Plant species are responsible for supporting a range of 
species in biotic interactions. The conservation of endangered butterflies is often linked 
to the population size of the larval host plant species (Severns, 2003). When testing 
habitat restoration treatments for the endangered butterfly Icaricia icarioides (Macy), 
Schultz (2002) found that while some treatments resulted in sufficient nectar being 
available for the butterfly, none of the treatments created sufficient larval resources of 
the host plant; showing that connecting the life-history features of the endangered 
species with the restoration work is necessary for effective conservation. Therefore, it 
may be necessary for the criteria of restoration work to not just prioritise seed 
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provenance in terms of a plant’s ability to survive and persist in an environment but also 
fitness in terms of its ecological interactions. 
In Carmarthenshire, Wales, the Caeau Mynydd Mawr Project has the aim of the creating 
or restoring 100 ha of marshy grassland suitable for the endangered butterfly Euphydryas 
aurinia. Key to this may be the establishment of its main host plant S. pratensis. E aurinia 
lays its eggs in batches of around 200-300 on the leaves of S. pratensis and the larvae will 
feed and overwinter in webs spun around the leaves (Wahlberg, 2001; Anthes et al., 
2003; Porter, 1982). Positive relationships between S. pratensis population size and 
number of seed per flower head, seed weight and other fitness traits for the Caeau 
Mynydd Mawr populations were established in Chapter 3. Previous studies have also 
found a positive relationship between population size, fitness and genetic variation in S. 
pratensis (Vergeer et al., 2003a; Hooftman et al., 2003). A large population of S. pratensis 
may therefore be appropriate as an indicator of fitness when selecting seed for the 
restoration or supplementation of sites in the Caeau Mynydd Mawr Project area. 
However, the restoration work has the primary aim of establishing habitat suitable for E. 
aurinia. Therefore, a key interest is investigating the host plant, S. pratensis, and its 
interspecific interactions with E. aurinia.  
o Is the long-term occurrence of E. aurinia related to the population size and fitness 
of S. pratensis?   
To answer this question, examined here were the relationships between records of E. 
aurinia dating between 1980-2014 and S. pratensis population and fitness data collected 
for 21 plant populations, in order to determine: if there was a relationship between the 
population size of S. pratensis and the long-term occurrence of E. aurinia in the 
Carmarthenshire area; if there was a relationship between fitness traits of the S. pratensis 
populations and E. aurinia occurrence; and the pattern of relationships between these 
three components of S. pratensis population size, S. pratensis fitness, and E. aurinia 
occurrence.   
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4.2. Methods 
4.2.1. Succisa pratensis population size, site data and fitness variables 
Included for analysis were 21 populations of S. pratensis from Carmarthenshire, Wales 
surveyed in 2013. Site data analysed here includes census population size and site area. 
Census population size was chosen as it represents the total resource that may be 
available to Euphydryas aurinia. Reproductive fitness measures of S. pratensis include 
seed count, seed weight (mg), germination percentage, and seedling survival. The S. 
pratensis phenomic traits include leaf number, plant height (cm) and plant growth (mm2). 
Full methods of the data collection are detailed in Chapter 1 (pg. 14). 
4.2.2. Euphydryas aurinia records 
Records of E. aurinia were collated from larval web surveys and adult surveys dating from 
1980 to 2014 (Figure 18) collected by Butterfly Conservation and volunteer groups. The 
numbers of E. aurinia records within the site boundaries for the 21 sites with S. pratensis 
survey data were totalled and divided by the site area (ha) to give the number of E. 
aurinia records per hectare.  
4.2.3. Maps 
Maps containing site information and site area data were generated using ArcGIS® 
software by Esri.  Previous habitat survey data in the Mynydd Mawr SAC project area, 
carried out by Richard Smith for Carmarthenshire County Council (Smith & Gander, 2010), 
was modified to provide a visual assessment of the sites.  
4.2.4. Data analysis 
Data analyses were performed using SPSS version 22 and R-3.1.2. Preliminary analyses 
were carried out to ensure no violation of the assumptions of normality, linearity, 
multicollinearity and homoscedasticity. Shapiro-Wilk, histogram and q-q plots were used 
to assess normality. Outliers, linearity and homoscedasticity were assessed using the 
normal p-p plot and the scatter plot. Outliers were additionally assessed using the 
Mahalanobis distances. Multicollinearity during the regressions was assessed using the 
correlations output during the test and the results of bivariate correlations. 
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Data were transformed in order to meet the assumptions of normality and perform 
parametric statistical tests. The Shapiro-Wilk test for normality, histograms and q-q plots 
were used to assess the data transformations.  S. pratensis site and fitness data 
transformations were noted in Chapter 3 (pg. 45). The number of E. aurinia records per 
hectare was transformed by square-root.  
Bivariate correlations were initially performed to examine the relationships between E. 
aurinia records per hectare, different site variables and S. pratensis fitness variables. 
Linear multiple regression analysis was performed to assess the ability of census 
population size, leaf number and seed weight to predict the E. aurinia records per 
hectare. From the results of the first multiple regression, a second multiple regression 
was performed in order to examine census population size and leaf number alone and 
their contribution to E. aurinia records. 
The interaction of these different factors was then examined using structural equation 
modelling. Using the relationships explored in the multiple regressions and correlations 
the fit of the model to the data was tested. Maximum likelihood estimation was used to 
calculate the standardised path coefficients which allow the relative magnitude of the 
effects of different explanatory variable in the path model to be compared. Path co-
efficients are standardised versions of the linear regression weights. The model fit was 
tested using Bentler’s Comparative Fit Index (CFI) where values close to 1 indicate a very 
good fit. AMOS 21 was used to design, estimate and test the model. 
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4.4. Results 
 
 
Figure 18. Core Cross Hands sites with 2009 habitat survey data. Sites surveyed in this study 
indicated with black outline. In the 2009 habitat survey data, red indicates habitat of good 
condition, with occasional, frequent or abundant presence of Succisa pratensis and abundant 
Molinia. Yellow indicates rare, occasional or scattered S. pratensis. Dark grey indicates habitat 
that is not suitable due to rare occurrence of S. pratensis or non-Molinia grassland. E. aurinia 
records are marked with blue circles and include records from 1980 to 2014. 
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Overlaying the records of E. aurinia over the habitat quality assessment visualises the 
broad scale link between E. aurinia presence or former presence and good quality habitat 
that has S. pratensis present (Figure 18).  
Table 14. Euphydryas aurinia record data for 21 Succisa pratensis populations in Carmarthenshire 
Site 
Code 
Site Name 
Number of E. 
aurinia records 
Number of E. aurinia 
records per hectare 
1 Caeau Ffos Fach 8 1.09 
2 Black Lion 32 2.52 
3 Rhos Cefn Bryn 6 0.88 
4 Cencoed Uchaf 1 0.85 
5 Letty Mawr 1 0.29 
6 Sylen Ranch 0 0 
7 Ty Newydd 2 1.06 
8 Median Farm 2 2.32 
9 Mynydd Mawr CP 0 0 
10 Llyn Llech Owain 2 1.41 
11 Church Rd 2 0.52 
12 Cae Lotwen 11 1.81 
13 Gate Hall Community 1 3.67 
14 Castell Howell Food Park 0 0 
15 Morfa Farm 1 0.35 
16 Bryn Withan 4 1.64 
17 Tir Philip 0 0 
18 Coed y Derwen 3 0.63 
19 Cwm Afon Gwili 5 1.46 
21 Dwr Cymru 0 0 
22 Greengrove Farm 0 0 
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The number of E. aurinia records for the sites ranged from 0 to 32 and per hectare from 0 
to 3.67 (Table 14). Of the 21 populations, six had no records of E. aurinia from 1980-2014. 
Significant positive correlations were found between the number of E. aurinia records 
and census population size of S. pratensis at the site (r=0.578, p<0.01), seed weight 
(r=0.634, p<0.01), leaf number (r=0.618, p<0.01) and plant height (r=0.547, p<0.05) 
(Figure 19). With a Bonferroni correction for nine tests, a p-value of 0.05 becomes 0.006, 
therefore the positive relationships between number of E. aurinia records for seed weight 
and leaf number remained significant. No significant relationships were found for site 
area, number of seed per flower head, germination percentage, seedling survival or plant 
growth. 
 
 
r=0.209 p=0.363 r=0.578 p=0.006 r=-0.274 p=0.230 
 
r=0.634 p=0.002 r=0.315 p=0.165 r=-0.105 p=0.651 
 
r=0.618 p=0.003 r=0.547 p=0.010 r=-0.271 p=0.276 
Figure 19. Results between the Marsh Fritillary (Euphydryas aurinia) records per hectare and nine 
different variables. Significance was found with census population size, seed weight, leaf number 
and plant height. With the Bonferroni correction for nine tests, a p-value of 0.05 becomes 0.006, 
0.01 becomes 0.001, and 0.001 becomes 0.0001. 
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4.4.1. Relationships between E. aurinia records per hectare and S. pratensis 
fitness variables 
Table 15. Regression results for two models, one using population size, leaf number and seed 
weight of Succisa pratensis to explain variation in Euphydryas aurinia records per hectare and one 
with seed weight removed. 
 Census 
Population size 
Leaf number Seed Weight (mg) Total Model 
E. aurinia records 
per hectare 
Beta =0.298 
t =1.486 
p-value=0.156 
Beta =0.265 
t =1.081 
p-value=0.295 
Beta =0.303 
t =1.313 
p-value=0.206 
R2 =0.444 
F (3, 6.324) 
p-value=0.004** 
E. aurinia records 
per hectare 
Beta =0.36 
t =2.007 
p-value=0.060 
Beta =0.449 
t =2.393 
p-value=0.028* 
  R2 =0.439 
F (2, 8.820) 
p-value=0.002** 
 
A multiple regression was used to assess the contribution of population size, seed weight 
and leaf number to the number of E. aurinia records per hectare. The initial model 
including census population size, leaf number and seed weight was significant with an 
adjusted R2 value of 44.4% p<0.01. However, none of the independent variables was 
making a significant unique contribution to the prediction of E. aurinia records per 
hectare. The overall model showing significance but not the predictors can be explained 
by correlation between the predictors. As there is some correlation between seed weight 
and population size and seed weight and leaf number, the seed weight variable was 
removed. The model remained significant with census population size and leaf number 
explaining 43.9% of the variance in E. aurinia records per hectare. Leaf number recorded 
a higher beta value than population size (beta=0.449, p<0.05) and was statistically 
significant, while population size did not show a statistically significant unique 
contribution to explaining the variance in E. aurinia records.  
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4.4.2. Structural equation modelling the relationships between E. aurinia 
records per hectare and S. pratensis fitness variables 
The results from the regression model (Table 15) led the structural equation model 
(Figure 20). The results from Chapter 3 also led the date of sampling to be included in the 
model as this had been shown to have a significant negative effect on the fitness 
variables. Using the maximum likelihood estimation gave an observed x2 of 5.129 for the 
model (df = 5, p-value = 0.400). Values greater that 0.05 indicate significance. The model 
fit values included a CFI of 0.996 (Comparative Fit Index, value range from 0 to 1 with 
values close to 1 indicating a very good fit). Together census population and the date of 
sampling explain 53% of the variance in the number of seed per flower head and 33% of 
the leaf number. This model explained 73% of the variance in E. aurinia records per 
hectare. Including seed count as a factor explaining E. aurinia records per hectare did not 
improve the model. 
 
Figure 20. Structural equation model outlining the hypothesised relationships between census 
population size, date of sampling and plant fitness and the distribution of marsh fritillary (E. 
aurinia) records for 21 populations of Succisa pratensis from Carmarthenshire. The arrow width is 
proportional to the standardised path co-efficients. The broken lines indicate a negative 
relationship. Estimates of the total variance explained for the dependent variables are indicated in 
bold. Paths with significant p-values are labelled with an asterisk. The model fit was significant (x2 
= 5.129; d.f. = 5; p = 0.400). 
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4.5. Discussion 
 
The relationship of Euphydryas aurinia occurrence with S. pratensis population size and 
fitness traits was investigated here. The number of E. aurinia records per hectare from 
1980-2014 was found to have a significant positive correlation with the current 
population size of S. pratensis. Specific traits of S. pratensis also showed a positive 
relationship with the number of E. aurinia records per hectare; the seed weight, the leaf 
number and plant height. Of these the leaf number of the offspring plants was found to 
have a significant positive relationship with the number of E. aurinia records per hectare. 
The larger the population of S. pratensis (as recorded in 2014), the more records of E. 
aurinia (1980-2014) per hectare was found, indicating that with more S. pratensis 
individuals, E. aurinia is more likely to successfully maintain its population over a longer 
period of time, as more S. pratensis can mean more plants for E. aurinia to more easily 
locate and utilise.  However, the results of the multiple regression indicate that the 
population size of S. pratensis does not show a unique contribution in explaining the 
variance in E. aurinia records per hectare and that leaf number contributes more. It has 
been shown that the population size of S. pratensis is also linked to the fitness of the 
plant (Chapter 3), where large populations show fitter plants in terms of traits such as 
seed number per flower head, seed weight and leaf number. Therefore the structural 
equation model suggests that the positive relationship of population size with E. aurinia 
occurrence is being expressed through the improved fitness traits of S. pratensis, in that 
larger populations have more leaves, more abundant and heavier seed and are therefore 
more likely to be associated with E. aurinia individuals.  
E. aurinia is associated with fitter plants, most seen in leaf number; a trait of S. pratensis 
that could most directly affect E. aurinia’s continued survival as the eggs are laid on the 
underside of the leaves and after hatching the larvae spin webs around the leaves to feed 
and overwinter (Wahlberg, 2001; Porter, 1982). As the positive relationships between S. 
pratensis population size, leaf number and height and the occurrence of E. aurinia were 
found in offspring plants grown in standard conditions, it indicates that the relationship is 
not the result of positive host plant selection by E. aurinia or environmental effects of 
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habitat quality. The relationship between population size and fitness traits relevant to E. 
aurinia may therefore be related to the genetics of the plant rather than the 
environment.  
Positive relationships between fitness variables and population size attributed to the loss 
of genetic variation have been shown in S. pratensis (Vergeer et al., 2003a) as well as 
other species (Leimu et al., 2006; Oostermeijer et al., 1994; Buza et al., 2000)  It has also 
been shown that reduced fitness in relation to inbreeding can impact on ecological 
interactions such as reduced visitation from pollinators for inbred plants versus outbred 
populations, even when the effects of size and number of flowers were controlled for 
(Carr et al., 2014).  S. pratensis plants with smaller or fewer leaves would make less fit 
host plants for E. aurinia, in terms of available surface area for egg deposition and food 
available for the larvae. Furthermore, S. pratensis plants with fewer or smaller leaves may 
be more vulnerable to the effects of herbivory by E. aurinia. It has been shown that plants 
that are inbred suffer the detrimental effects of herbivory on biomass and flower 
production more strongly (Carr & Eubanks, 2002).   
It has been shown that the persistence of butterfly populations in a habitat can be 
explained by habitat quality in addition to site isolation, with the within site variation in 
habitat quality being a better predictor for the presence of butterfly populations (Thomas 
et al., 2001). Habitat quality, along with site isolation and site area, is therefore seen as an 
important component of the selection and conservation of suitable sites for species with 
metapopulation dynamics (Thomas et al., 2001; Dennis & Eales, 1997). It has been argued 
that investigating the quality of the host plant rather than just the availability is important 
when assessing the incidence of related species (Dennis et al., 2003).   
Current guidelines for good condition habitat for E. aurinia by Fowles & Smith, (2006) use 
the criteria of S. pratensis present within a 1 m radius of 80% of sampling points, 
vegetation height within the range of 12-25 cm and that any scrub should not cover more 
than 5% of the habitat area. Previous research on E. aurinia in South Wales has looked at 
using habitat distribution models to assess conservation priorities at a large scale, using a 
presence or absence assessment for S. pratensis (Early et al., 2008). The evidence for the 
fitness of S. pratensis being positively related to the long-term occurrence of E. aurinia 
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indicates that additional assessment of the extant plants may be another positive 
indicator for assessing habitat suitability. Further work could look at integrating these 
assessments at a spatial scale for both the Caeau Mynydd Mawr Project area and at a 
broader level in South Wales for more effective conservation planning.  
Positive relationships between the host species population and the occurrence of 
associated species have been previously found. In the case of Maculinea rebeli (Hirschke) 
an endangered butterfly and Gentiana cruciata L. its only host plant, populations of the 
butterfly were more likely to occur in larger populations of its host plant (Kéry et al., 
2001). In addition,  Kéry et al. (2001) also showed a positive relationship between the 
population size of M. rebeli and G. cruciata, something that cannot be examined with the 
available data for these sites but may be a possibility with continued monitoring.  In 
Urtica dioica patches it was shown that monophagous insect species had a higher chance 
of being absent from small patches of U. dioica and that the monophagous species were 
affected more by declining habitat area when compared with polyphagous species (Zabel 
& Tscharntke, 1998).  No relationship between the total site area and the number of E. 
aurinia records per hectare was found here. Thomas et al., (2001) found that, of site 
isolation, site area and habitat quality as predicators of a patch’s ability to contain a 
butterfly species, site area showed the least ability to predict occupancy of a site.  
When the pattern of habitat loss and fragmentation that threatens the butterfly species 
also threatens the host plant, conservation of a monophagous species may rely on 
management and restoration of the host species.  The conservation of endangered 
butterfly species is frequently associated with the availability of the larval host plant 
species (Schultz, 2002; Severns, 2003). E. aurinia is more likely to have long-term 
occurrence in larger populations of S. pratensis which express better fitness variables, in 
terms of increased leaf number; indicating that conservation of E. aurinia does require 
the establishment of not only large populations of S. pratensis but also healthy 
individuals. The fitness and size of S. pratensis population is likely to impact on the 
persistence of plant populations and the persistent occurrence of E. aurinia. 
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Chapter 5  
5. Conclusions and conservation recommendations  
 
5.1.1. Conclusions from study 
o Is there genetic evidence for the varieties of S. pratensis described in Sell and 
Murrell (2006)?  
o Should these varieties be a concern of any conservation action?  
The varieties of S. pratensis described by Sell and Murrell (2006) in the UK were based on 
only a small sample of herbarium specimens. No genetic evidence for the varieties was 
found using chloroplast markers. Morphological differences in S. pratensis have 
previously been shown to converge when the plants are grown in standard conditions 
(Adams, 1955). Changes in taxonomic classification has impact on conservation 
management and outcomes both positive and negative (Morrison et al., 2009). 
Attempting to adhere to the S. pratensis varieties described in Sell and Murrell (2006) 
may not be possible or practical when planning restoration work and, based on the 
evidence here, is of lower priority.  
o Is there a relationship between the population size of S. pratensis and fitness of the 
plants?  
o Is the relationship expressed through the reproductive fitness and offspring plant 
fitness variables? 
The population size of S. pratensis in the Caeau Mynydd Mawr Project area is related to 
fitness variables of S. pratensis, including number of seed per flower head, seed weight, 
and leaf number. This relationship is more strongly expressed in the reproductive fitness 
variables than the offspring plant variables. In addition, the number of seed per flower 
head is positively associated with seed weight, germination percentage and seedling 
survival. Larger seed is more successful at germination. These results corroborate 
previous findings in S. pratensis, where population size, fitness  and genetic variation of 
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the plants was found to have a positive relationship (Vergeer et al., 2003a; Hooftman et 
al., 2004). Further research on the genetics of the Carmarthenshire populations would aid 
understanding of the relationships expressed here, allowing for appropriate and effective 
management of the populations of S. pratensis at sites. 
Based on the evidence here, when sourcing seed for restoration work this should 
prioritise the selection of larger population sizes in source sites. Seed harvesting within 
larger populations may be best focused on larger flower heads that contain more seed 
and heavier seed.  In this survey, site 2 Black Lion stood out as a population that showed 
particularly positive results for several fitness variables; number of seed per flower head, 
seed weight, germination percentage, seedling survival, leaf number and plant height.  
The date that seeds were collected has a strong negative relationship with fitness 
variables indicating that any seed harvesting from S. pratensis should take place earlier in 
the season. Further study could examine this relationship by sampling seed multiple seed 
throughout the season from one population and recording the germination. 
o Is the long-term occurrence of E. aurinia related to the population size and fitness 
of S. pratensis?   
The long-term occurrence of E. aurinia is linked to a larger population size of S. pratensis, 
so establishing more S. pratensis in sites is a key concern for providing the best habitat for 
E. aurinia within the Caeau Mynydd Mawr area.  Furthermore, fitter plant populations 
were also found to be associated with the long-term occurrence of E. aurinia, confirming 
the importance of assessing not only the abundance or availability of host plants for an 
associated species, but also the quality of the available resource.  
In particular, the leaf number of S. pratensis in offspring plants is positively associated 
with the long-term occurrence of E. aurinia. As E. aurinia utilise the leaves of S. pratensis 
to lay their eggs on and to feed on in the larval stage, leaf number may be an important 
characteristic to select for when introducing or supplementing sites with S. pratensis 
plants. This could be completed through the selection of seed from larger populations as 
the improved fitness variables are linked to larger populations, or if the seed is grown on 
before planting, individuals could be preferentially chosen based on leaf number.  
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5.1.2. Conservation core recommendations 
o S. pratensis varieties described by Sell and Murrell (2006) are of lesser priority for 
restoration. 
o Larger populations of S. pratensis can be used as an indicator of improved plant 
fitness, in terms of number of seed per flower head, seed weight and leaf number. 
o Any local seed harvesting should therefore prioritise larger populations for fitter 
seed. 
o Within larger populations, number of seeds per flower head and seed weight can 
be used as indicators of fitter seed in terms of successful germination and seedling 
survival. 
o Within the Caeau Mynydd Mawr Project area, larger populations of S. pratensis, 
through the effect of improved fitness variables are also an indicator for the long-
term occurrence of Euphydryas aurinia. 
o Of the S. pratensis fitness variables, increased leaf number is linked to the long-
term occurrence of E. aurinia. 
o Seed harvesting should take place early in the season after flowering, around 
September to Mid-October. 
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